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Figure 1. Schematic presentation of the optical mapping system ---«-----eeomeeeees 6
Figure 2. Baseline optical mapping images and optical fluorescent signals -+ 9
Figure 3. Optical mapping images after the creation of an obstacle -+ 10
Figure 4. Attachment of the electrical activities around an obstacle -+ 10
Figure 5. Two holes and single attachment .................................................... 11
Figure 6. Transient rotation of the wavefront around an obstacle -+« 12
Figure 7 Rotation and attachment .................................................................. 12

Figure 8. Changes of cycle length according to the size of
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Figure 9. Changes of cycle length according to the number of obstacles -+ 15
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b AT B9 W

L

k<]

vl
=

1A E] 2

A W FelEdd ¢

F2gef

)
G

ol

of gt ey A s

f=o] A7)l mE F

A

¥

SERE R ]
39 shwe] sl o

}

pis
pis

@ 7H gelel Aol

}

°
pal

e ol
o o

~
=]

=

S|

oMo A Aol At
st Aol

A8 A

14

kel
1

Al L
= -
2
hal
3
-

o

—_
o

i

ﬂo
]

%)

"
Tor

4l 207 2] el

A

4 HY 8mm =79 #

Fo] Tyrode -§-<fo] =
§mm 7] ejEs st

pu—

= =

(9

=

=]
9]z

==
T

[e)

2=
A2k 27
1
=

Al A
=

2

-

I=]
o el

=

=

=

bick s el §-

= A3

%)\
CER!

sto 27 2mm

S

=
T

b

HolA 3]+

dl, o] 2]

=

A5 o4&
147§ 9] el =l A

-

i

O]

Fol 2o A

7

==
=

-

2
sk
SEEIERE!

|
°ol&

=
g}

o]

159.4+47.7 msec = "ol &0l u}

-
.

= %

]{1_

ol

ol

o]
Al oA 24S Bolthp=0.01). ol

S

135.4+30.4 msec, + 70

e F717 §)

S

o

_voﬁl

o] =7)9k B

=
=

[e=]
=

A

0.007).

B tHr=0.38, p

9] }o)

4

Ry

[¢)



Bl
ﬂ

)

—

avel o

s

IE BHQoH, o)y

2

1

-

| uend o

o

B
R

+
ol
el
S
)

ok

H
-

o

oF
ol
o

</

X

O

o #

I
=,

T AAAE, el

1

-

4




b AT B9t W

<]
8

A W FelEdd ¢

{

AT 7]

o

oA

il

L A

—(:5}

) AR A F o
300,000 A=7F A FAFR Apdaich! ol A

-
T

A4 A

A%k o

o
-+

]

ARA 57} 27w

N4 A

el A A dASe]l ddeld A

-
T

1o

A ol F97F A

ol Apedel] o] =7

2~ B
T

Azt AAE7e) Ader AA vE

o

]

o

[e]
He

Qg FAb FA} A

3l 7171E

-
1

5|
pud

Fshor gt

<A

ofpy

oA L ARgo] A|gHAo|RRE KT}

3
“

ol 4]

6,7
ATE

Qlths A3} e of

o o}

o

ojtt. et AAA

vzl

A

o

ol A A
AAEL Rz

— 6,7

=

Weiss 552 o]d A

AAA R, A AR o] A

A
o

bolek ek A

BAolA AL Aol F4s

o _
o R

AZ7] o

]

=
=

RAEy



A o= =
EMTTITTE TENRE F T A #wﬁmomoo#

P TN TR g o WO oy
o N NN = ok g o) o O o 3
i o M Z o H OB W B S W W TR T T o Y
Fagd gl ©RTUD < > BT T ok
moww%qgmamﬂ% %ﬂ&%u& _g.mﬂﬂ,o ﬁymﬂﬁrﬂ,
il T W " H oo my T ~ % oW mn 7w P
ﬂ;ﬂﬂozﬁiaﬁ oF T o T W %JEIATE ﬁ@mﬁ?ﬂa@_
W o 9 &l g 0 ~ B - N ~ = T W X
ul gLy oy ~ o —p T B W TR
S H_‘_ ™ % o} _IT EO EO ~ = = Z.L O# __i —n = 1_,Ar0 s :.;E o
T Ty mrRTE o MR Ry
e w g b Ty~ 8 T Ew . BIT . m
W%m@eﬁﬂw Taow a7 T Ehw T
R BT S ol _ENEgZ
TP T e mg oo T BT ZEwmEE

- =0 G ol OtLa X v W ~n
Ny BP0 3% <o A 2 Ho Lr @ N| o B0 O <
o BT oi- ey Jo o = T mhy — TR = g o <0 T
50 ™= LELI = X o i
TErT LMl E FRThg ¥ T gy g R K
ELEREE L PP BT Coam PEZ e
o%ﬂoM«wJEJ ﬂﬂﬂﬂw_m I o= E T
~ X , o o B o B ™ o X (R =S
rE e Xa = &= o T O
o B OK o A < © 9 e moE 2 ROt
o = JIJI oF X ,IL,I ,ﬂw‘_ ﬂ_ol ‘ﬂl %H.W le 1A_u.o = OT._ T oo \W_wlm O_E
T PO T TR T R TRL S
Rt LI SR SOSLANSEEE Y
n T g _o»]]u_r ‘R 9 " R
R R R TS CrenTE
== A R T N B B R =¥ o F =5
vﬁomﬂyaﬁmﬂﬂ%ﬁﬂ7@%ME%%@%& ﬁ%%i%ﬂ
uaﬂ.xaﬁaﬂoﬂerﬂllé71%% = LR g
o EE OC EO —_— f on Eo WI o :‘L 0 o} ™0 Lt 3 X \ml e
R PN e iy - R« S T R S
Az WERTIERPRTEER T T RN
T = ~ Nr " B o oz N

‘Aluﬂ»AE X ™ X J .
i S L R S Lmiuuovmﬂ%%%ﬂmﬂ%%
S RN S S B ol o O G
US| W S s B " o W% op B ooy % oR o



IL A5 2 %9y

[0

o
125.0; KCl, 4.5; MgCl,, 0.5; CaCl,, 0.54; NaH,PO4, 1.2; NaHCO;, 24; and glucose,
sl g Aol ¢ BB AAR SAANS Ago iy wels)
Aok e AA § A EWo| SFrench EElol€d =AHE A9 etal, o

= h =
3 AEH % Tyrode &4& FAAZAT w2l +Ad W E2ska 3l

=

=
T W wE2y Ui 3.0 AaR ZdzEste] [A Aol Tyrode &
o] ¥uF FFHEE AUk Tyrode &0l £ 2 Ao A& 2L F
ol Aol & At ¥ dEHE AFAR o)Fson, oF 7|tEet 5
AFEW A7 EAE B3 A% O F Tyrode &9 FYAIHTH

2. A4 BF A&H

A BF A 2B 228 F(tissue bath) W9} §- I IAAIZ =
g FA ALEA O FE Tyrode 8ol FFEAl dto] s og ALHF
ojelo = o] ;o] AHHoR FFHA AT BFA 2 £EEE
GAE AEHAOFE 95% ka7t EFEHER S, 2E7E o] &ste] 89
255 37CE FAAAHY

3. 88H AR 24 A2d

FHe Am B4 A2dle 2709 WE D 2o BAHE FFS 2§

o2 rr

-

(NI
e o K

=
i+ charge-coupled device(CCD) Z}H|gte} o]l & A st =2 ado] Azhd 7
HZ A tHFig. 1). ¥ZE= 500:30nm ZEZF Z2d 5 i) 250 watts
'l FRAHZE o] &5k3al, FA A MAE = Y3S 600 nm long-pass Z

Bl o} 25mm/f 0.85 BlY e #=7F e 128]E fxd CCD 7 2K(Dalsa Inc.,



(version 6.0, National Instrument, Austin, Texas, USA)= ©]-8-3lo] FFE A A5
ol sl ofgk FMdE H7] sl B A 4] AlElE 3 X1E H|o]E(Shinhan,

Siheung, Korea) 91l A %|3}31

LabVIEW

CCD Camera
—]— S~
Light Source
=
xygenamr L
b /ll
LHeat exchanger
‘an
g
Pump

Tissue > — ‘ .
-

Tissue Chamber

Wamer

Fig. 1. Schematic presentation of the optical mapping system. Oxygenated and heated
Tyrode solution perfuses the tissue through a 5 French catheter cannulated to the
right coronary artery. Two tungsten halogen lamps are used as light sources. Charge-
coupled device camera grabs the fluorescent signals from the tissue and these signals
are analyzed using the LabVIEW program.
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Frames
(2.3 sec)

Fig. 2. Baseline optical mapping images and optical fluorescent signals. In optical
mapping images (left), red represents depolarization and blue, repolarization. Four
markers (¥ - - %) in left panel denote the sites where optical fluorescent signals
were obtained. An optical fluorescent signal obtained at each marker is displayed in
right panel (left - top, right - bottom).

A. This tissue shows ventricular fibrillation just after the perfusion of oxygenated
and heated Tyrode solution. Multiple wavefronts (1-3) are shown in left panel and
fibrillation waves in right panel. B. This tissue shows idioventricular rhythm. Single
large wavefront is shown in left panel and slow regular thythm in right panel.
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olEolA Yeldth ey 9 SHEE T 22 o] gdiE=E Aol ANt
ollm FHA #FEHAL, o)Fste FATGHEES] JFoz AHHA i
395 FASHA = Eett



A B C
Fig. 3. Optical mapping images after the creation of an obstacle. Location of the
hole in optical mapping images is the same as in an original picture.
A. Original picture of the tissue with an 8 mm hole (white circle). B. A large

wavefront comes from the right side of the hole. C. During repolarization, there is
no fluorescent activity around the hole.

Oms 3.7 ms

45ms 59ms

Fig. 4. Attachment of the electrical activities around an obstacle. After the passage
of a large wavefront, there is an attachment of optical fluorescent signals (white
arrow) along the rim of an 8§ mm hole (white circle).

10



55ms

*

11.7 ms 17 ms

Fig. 5. Two holes and single attachment. After the passage of two wavefronts (1, 2),

attachment of optical signals is noted only at the upper hole (white arrow). ms:
milliseconds, *artifact just below the lower hole

g4 gHo] FofEe] FHE 3| Wdh= FHFig 6, )= 3ol A &
AN, old dEE 1239 AW LAAQ] AN, e FHET
F=(Fig. 6)° oJsllA &= AAAX O Z(Fig. 7) | duHo] BF AAEHGT
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37ms 46 ms
-
55ms 6.4 ms 7.8 ms

Fig. 6. Transient rotation of the wavefront around an obstacle. A large wavefront
(1) approaches (0 ms) to the hole (8§ mm, white circle) and rotates around it (3.7,
4.6, 5.5 ms). Collision (6.4 ms) with another wavefront (2) terminates the rotation (7.8

ms). ms: milliseconds

0 ms
5.1 ms 121 ms 150 ms

Fig. 7. Rotation and attachment. Two 8mm-sized holes are shown in the original
picture of right ventricular tissue. Location of the two holes (%) in optical mapping
images is the same as in an original picture (left upper). As the one wavefront
passes by (white arrow), the other wavefront (gray arrow) attaches to the upper hole
(0, 1.8, 41 ms) and rotates around it (5.1, 7.4, 12.1, 15.0 ms). Attachment of a
wavefront is also seen along the rim of the lower hole. ms: milliseconds.
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3. All=e] 27)d mE BT A A9 F719 w3

Fel=ol gl AHolA Fst &4 deivte] "t V1A F7]= 1185247
msecH I 2mmAF-EH §mm7HA] 2mm AR HA} FoEo AV|E 59 uw
ot d9te] Fr)= Wekd=d, 714 F719F Hlaskle W 2 mm(118.2425.6
msec) ¥ 4mm(121.6£25.1 msec) 7|9 FolES WE Fole fFolsk 7t
AN 6 mm(126.7+26.8 msec, p=0.01, vs. baseline) % 8 mm(135.4+30.4 msec,
p=0.02, vs. baseline) =7]2] Foll=o] thajx= &4 A9} F7]19 fFolsh 17}
7h BAEHJ FolEe] Av]eh Afute] Fle ol 4o FHuAE B
thr=0.38, p=0.007, Fig. 8).

BE 2A04 8 mm 2718 GBS skt v whEwA 48 @4 A9t
o] F717F AejAE A& WATKTable 1). FolEe]l = djollAo] At
F71% 1185424, 7 msec0)Q1aL, §mm F7]9] FeolES THE Fi 13544304
msec, = /N 8mm Z7]¢] FojEES WE FolE 159.4447.7 msecE GOl E
o EA uteh FBY A9t F717k KA LolAE £AS Reitkp
=0.01, Fig. 9).
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Table 1. Changes of cycle length before and after creation of obstacles.

Tissue No. Pre-obstacle CL Post-obstacle CL(msec)
(msec) 8 mm 8 mm x2
1 105.5+1.0 142.5£1.0 220.0+13.5%*
2 115.3+4.3 119.0+4.8 121.3+4.8
3 97.3+2.2 114.0+0.8 147.840.8
4 103.0+2.0 123.04+6.7 128.8+7.9
5 106.0+1.4 133.0+14.7 166.0+31.5
6 114.0£7.0 121.04£9.5 127.0+8.4
7 118.0+1.4 119.0+0.8 132.3+4.2
8 152.842.1 170.846.2 176.0+1.8%*
9 175.543.0 206.8+5.6 262.3+1.5%
10 98.0+1.2 105.0+£1.6 112.0+1.0
All 118.5+24.7 135.4430.4 159.4+47.7

CL: cycle length, *Conversion to ventricular tachycardia after 2 obstacles

140

r = 0.38, p=0.007

130

Cycle Length (ms)

120 |

Baseline 2 mm 4 mm 6 mm 8 mm
Obstacle size

Fig. 8. Changes of cycle length according to the size of obstacles in tissues with
single obstacle (Spearman's correlation analysis).
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p=0.05

180 p=0.01 p=0.02

120 +

Cycle Length (ms)

60

Baseline 8 mm Obstacle Two 8 mm Obstacles

Fig. 9. Changes of cycle length according to the number of obstacles (paired t-test
with Bonferroni correction).
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T A .

1 o 20 3o 40 s e W0 8o 9o

1000

#‘H'L'H'*h#‘h"\ " fmw Hﬂw N)WH'W"‘H'I“ *‘]Im“ ,"H'lﬂhh “J"h.,h W1'ﬂ"ﬂ,$,¢(“m.ﬂfmﬁh‘ﬁhl

1 1 i i I 1 1 I
100

1001 Frames
(2.3 sec)

oo 30 4o s e 0 &0 oo

Fig. 9. Transition to ventricular tachycardia. Upper panel shows the irregular waves in
tissue 8 with one 8 mm-sized hole. After creation of two 8 mm-sized holes in this
tissue, these waves were changed to regularly repeated pattern (lower panel).
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Abstract

The dynamics of ventricular fibrillation in
a ventricle with obstacles

Bon-Kwon Koo

Department of Medicine,
The Graduate School, Yonsei University

(Directed by Professor Sung Soon Kim)

The effects of artificial obstacles on the dynamics of ventricular fibrillation have
been extensively investigated. However, most studies were performed with simulated
tissues or using an electrical mapping system. In this study, an optical mapping
system was used to assess the influence of the transmural obstacles on the dynamics
of wavefronts and to determine whether obstacles can convert ventricular fibrillation
to ventricular tachycardia by stabilizing wavefronts in fibrillating right ventricular
tissues of pigs.

The right ventricles of pigs (n=15) were excised and placed in a tissue perfusion
system with the epicardium facing up. The tissue was stained with di-4-ANEPPS.
Quasimonochromatic light was shone on the tissues, and the fluorescence was collec-
ted with charge-coupled device camera. A hole was created using a skin biopsy
punch from 2 mm to 8§ mm in diameter. Then, the other 8§ mm sized hole was made
just beside the first hole. The changes of wavefront dynamics and the cycle length
of optical action potential waves were investigated.

In ten tissues, optimal signals were obtained and ventricular fibrillation was main-
tained. Transient attachment of electrical activities along the rim of obstacles and

transient rotation of wavefronts were observed in 14 obstacles. These changes were
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found only in obstacles of 6 to 8 mm. During baseline ventricular fibrillation, fibrilla-
tion cycle length was 118.5424.7 msec and this was increased to 135.4+30.2 msec
with one 8 mm-sized hole, and to 159.4+47.7 msec with two 8 mm-sized holes
(p=0.01). There was a positive correlation between the obstacle size and cycle
length (r=0.38, p=0.007). In three tissues, conversion to ventricular tachycardia from
ventricular fibrillation was observed after creation of two holes.

In conclusion, obstacles of proper size has anti-fibrillatory effects in tissues with
ventricular fibrillation and this phenomenon was partly explained by the temporary

attachment of wavefronts to the obstacles.

Key Words: ventricular fibrillation, obstacle, optical mapping system, right ventricle,
wavefront

25



