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Biochemical and immunological laboratory findings in Kawasaki disease
Shunichi Ogawa
Department of Pediatrics, Nippon Medical School

Abstract
There is no specific diagnostic test for Kawasaki disease, but certain laboratory findings
are characteristics. In acute phase of Kawasaki disease, neutrophils with toxic granules,

CRP, ESR are elevated. The platelet count is generally normal in the 1* week of illness
and rapidly increases by the 2"*-3" week of illness. The hepatic transaminases, total
cholesterol, LDL, and total bilirubin are increased in the acute stage. On the other
hand, total protein, albumin and sodium are generally decreased during 1*-2™ week of

illness. Sterile pyuria and cerebrospinal fluid pleocytosis may be present. Moreover, the
cytokines, the growth factors, and the adhesion molecules are elevated according to the

intensity of vasculitis.

Key words: Kawasaki disease, biochemical findings, immunological findings
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1. RERO—FRERR

a. IM#&E—A#
— RIS Rk E £
ETHHMERDOHEEL AL LN, HEHIL

AAER A NEH

0047-1852/08/¥40/H/JCLS

15,000/pd VL EE 2 B, RMMER, MEBFEEDL L
UNT 7y IR X D BEOKT A2
DONBERNE L, H2-3ATLVHEEL &
5T ENDHBH. M/MRITHFAEIZIEEE#EARN
DI ENZVD, MU/MIEATERA LT 2 EH
MY, FOL)LREFTIEEREL ST
LA E L, EBRBEEHFOIV R 77
y—tebh, —F, FH2-3:BICM/MREIZE —
2E%Y, LIFLIIBABBICETCRAEAZE D
bbH, Tz, M/MREOEMIE 10075/ d AL
Al eddsb, BITM/MRBEED TET 5.
HHIROESLFHEENIRDOONEL I L, M
MR DL 1213 IL-6 (interleukin-6), IL-8, G
—-CSF(granulocyte colony —stimulating factor),

M ~-CSF (monocyte colony —stimulating factor)
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HREDEENREZLNTWVA.

b. CRP, Mk
BiTidimit Cid 7 { CRPEAEEK EEICH
WwHia, CRPOMEMMIZE & LT TNF-a(tumor
necrosis factor-a ) R IL-6 2 EDH A b H A ~
2k BB TOELRROTEIC X 5. CRPIE
RO Y EEEZEL, BRERKOEEICHF
WREREIZIKT T 5. CRPEDEERESHD
RO T 78— h,

c 1 %

1) mE#ER, 773V
MEBEEIIFABIDIZEAEPEE RN
LIZEEIRTL, yZ7u7) YEROERICL
DM 5. —F, ME7NVTIVIZOERIC
o mEZAKOITLE, IL-6IZEIHFTOE
BEEDETLZLEICLVET TS METVTI

ELEERBEHD IR 77275 —Th 5.

2 MECNS A7 IF—1E

mE b7 A7 3 F+—¥iZmAHIZ GOT,
GPT & L2 501U/1 L LA RTER S S . 2
7L, 5001U/1 %2 #ETHEMITNTHDY,
% 3% 2-3BTCIEFILT S, EIZ, BEYY
WYY, LAP, -GIP% EDLR% A%, HiE
YWY ORIMZBBERRLTF A P AL VI
L B HFAIRRIC BT B IITEROELY) AAEE R,
HIRBENODTWEED - DEEZ LN T WD,
3) mMEEBEYE
MEEMETREEMIBNTNaDETH
Foohs, KNallifEd SBHREEHOY R
2T Ty I—tizAb.

4) BBEAH
EERBCRBIMINER IV AT O VE
3 & UFHDL (high density lipoprotein cholesterol)
AMET L, LDL(low density lipoprotein cholesterol)
AT 5. JNFHOEE Tld M-CSF D
v ~<ro0 77— IUBRREIZOPICHE S
NZOHR, BERHERELZERLELILVATD
— ), HDLZET X8 Twa". &Ik,
BIR/~o7077—-VHRDTFEAAL X THA
MCP-1(monocyte —chemoattractant protein—1)
REFDZEETH S CCR-2OREHOIEM, &
W RV 5 INOS %2 &3, EIRH

WBWCHBRHEE L L CEBIRELO IR~
DETICEES T A EEEIRBE STV 5%

5) BEREOEE
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PTIE LA, BERIABETHEIMA LTS
F T OASO) II—EICIKETH Y, BlE%
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d sEIF/OTYL, #Hk, g
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22T EIL, yZ7ur) IlLBEED
7212 IgGIXEBICHMT 5. 512, TEENRD
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EEHICRTXTORET 7)) YIZIEEICHE
T 5.
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v F7, MERAICEEELLRIIED
5% (%/42N
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ML RRD 5N 505, HREOMEBERIIED —
BUYEDD DEEZLNTWVA,
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FHEERLH)ZTEELRRTIREE S NEERK.
W3 ho0dh 5.

a. 1 H1DEE
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A4 HERL, MERORE, HEIEL,
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MFAB L EhOEESNEN, EITHER/Y
razy—3, TV VB EOFREHE YR
DFEBALIAED &S h, BIIFRICBIT 5 M
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LbORKEVEZNTVS., JIBHIZBITSH
A MAA OV TERBIRBTHFMICEER SN T
WBD TR TIZHRIZOWTIREET S,
4 b a4 DR TH TNF-a, IL-1, IL-6, IL
-8, MCP-1, G-CSF, M-CSF&2 &M% A4 b
AARAMAIEIMT A, ThLHIMIRET
DREBEHFTCET B2 TR L, HOLIIMmE
FIEBWTHHREICHEML, NEROER, B
JUEDOHOMEREIZKEL 20 b 552,
— B AERICEML T, b AL YD
CEB Gy ru ) VREREICIYVELST S,
Ny 9%E O BERIC BV TIE TNF-¢, IL-1, IL-
6 DEHOLR, MmiEL NNV TOEMIEVT
BENEMBET AL, BERFTHSICAM-1
VCAM-1
(vascular cell adhesion molecule -1), E -
seléctin e EOFEMEZ WM&, F& L THIK
DMENEMBE~OEE I HE L, IEROR
fE, EBRZBEL TWB8Y, '

b. MEEEMEMEDEED

NIER I BV T EEEED E L2 HE 2 5
HEEMIC BT 5, MER, MEFHLE, MmEer
B, MEHA, BRELL EORBIZEL »h
hHoTwnwb,

1) SMHICH T 32 MEEBHMDE DI

a) MUEHAR - Mo/ RERE NS - RLETEM

FHEBETF

mERESRTF FELTE— &ﬂ:%*
(nitric oxide: NO), 70 &% 75> v (PGL) %
ENH B, NEHRD 221X eNOS (endothelial
nitric oxide synthase) 3 £ UFiNOS (inducible
nitric oxide synthase) DT H DREEAITTHE L T
WA, £H5HHDIXINOSEEOILETDH 5.
NBROMBIZBITHER/~su 77—V %
& L2zl A b a4 v ofEBIcL Y,
iINOSZAL7-KEDNODELZH, Thh
EUBELEALT—FF T+ A5 4 b
FEAL, MEEELrERLL, mER IRE
PEL, HAENBEEELIRET 2. INOSD
T O E— ¥ — 5B IZ NF-«B A HMEAFEE
EhTBY, ZOEEIMMOEERFE L BHIT
INOSHBUCEELFEER/-LTVS

(intercellular adhesion molecule-1),

—7%, PGLZMEFHEHILRER, M/MRE
EMFIERRER2A L, FICH/MEP»HEE S
h, MENHEER, O/VRREER*ETS
TXA, (thromboxane A,) (2K T 5. JIIEHDH
HIZIE, TXA, OMINAEHE T, TXA/PGLIIZ
AEICEEZZEL, NEDEER, M/REE
ERDOITHED S asbh b, L L, y7u7
) UEREBRICIEITXAREERICET L, TXA
/PGLEIZHREL, MEREIZBIT S ME N -
f/MREE RIS T EE RIS

b) MEYRHE - M'J\ﬁﬁﬁ ﬁﬁlﬂ@i“ﬁﬂiﬁﬁ

HEF "

MENKMRECEELSNS ET-1 (endothehn
~D I MEFRGHRICEBR LTS ET-A%
BERENLT, BHTRENZ MEDHEER,
MEFEHEmEERE, /- NEAKMRI
ZHRLTWBET-BEFHKEZAMNMLT, NORT
TOR&H4 7Y O MENRRETOHEREC
535, JIBROSEHIZIZET-1 3FEIC
ERAT5. B, SEREEEZGHLIEST
OMmFFOBREIESHREELEHL TV EW
FEFNCHL, FEICEL, THREEREDT
MRFERDIGD™.

c) MkaEmEE-TF

RO EMIZB VT, IEFECHEN
AR xS AR, HEEH, nEE
B TTEER & &% %A 3 5 VEGF (vascular-
endothelial growth factor) XA ZEIZ¥MLY, &
WEOSBEROEBDITEL, K7 V7 I VM
ERMELEO—RE R B, —F, ERHO
Bl OCH BT mEFEXRIIERZET
5. 372, VEGF 3% P9l < & i i
MR ER LT, MRANEELHIEL, BEX
% BhE ¥ 5 MMPs(matrix metalloproteinases)
DEAICEST A, NIBHROMEICIZMES
D MMP-1, -2, -3, -925FEIZ#EmML, y 7
o7 UREICEDETT S, B, MMPO
B # H F T 3 % TIMP-1(tissue inhibitor of
metalloproteinase), TIMP-2 & f®#IERIZ3EH0¢
5. MMP & MMP/TIMP @Tﬁﬁﬁi?iﬂmﬁ
W@ﬁmc##bofwéTﬁﬁ##%éhf
W50,
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F1 JNIBEOEEREICETAINI1AY—-H—

AHEMRE

NAXT—H—

mEs% - MERE

hs~CRP(high —sensitive C-reactive protein), SAA(serum amyloid -A), PTX3
(pentraxin3), ET-1(endothelin-1), CNP(C-type natriuretic peptide), % &

LB - tBEORE
peptide), % &

BNP (brain natriuretic peptide), NT-proBNP(N-terminal pro—brain natriuretic

LERREE (BE5R) B E#RHE~ —% — : TaT(troponinT), Tnl(troponinl), % &
MR E~ — % — : H-FABP (heart—type fatty acid binding protein), % &
BEHRIETR TF (tissue factor), PAI-1(plasminogen activator inhibitor-1), % &
B, NgmoatiiciilRositeE ) ~—A—& LT, L hoKR=>T(TnD),

SRS AL BRI WEBTH 5 TGF-4
(transforming growth factor—3 ) 2313 5.
MRS~ ) v 7 ROSRICESTATOTT
—¥TdH 5 MMP OHFHIEFTH 5 TIMP-1D
REZFEL, TEHMaoEE, HiE %I
T5. B, LHENHMVOMEREIZHES
T 5.

c. BEREE, LHBEELSENM1F

T—H—-DEEN(E1)

NBROELB5REBIIMERTHY, Zoi
HRD~<—H—& L Tid hs—CRP(high-sensitive
C-reactive protein) %> serum amyloid-A(SAA) %,
pentraxin3 (PTX3) ? 7 EVSRAFHE ST 5.
PTX3 3 RIEIZHFEVY A FAA4 ViZEh=r0
77—, NMEAERMRZE»OG5W I N5,
WHRBEEY AR L) 2 TONfFv—h—-L L
TIRMENEMREL Y ELSINSLET-1, CH
F P AFIRAVEV(CNP)AERHERD
N5, 72720, BECNPOHEIEIZa~—Y v
N=ZIZTIEREFL TR,

—%, NFRTIZZOMMICEE ¥ L
DHREEHTHIILENRDALEEINTVS, I
WERDOBBAAILBHFDA NV AY—H—TdH
%, BNP(brain natriuretic peptide) %4 & (2 ¥
mu, DB - HREOREL I RBLT
W5 EDOHEPHAINEEY, HOHOO5H
RPEIFIALIEICEED 5N 5 0B IMIZEES O
HEEOFMO—FEEIZBNPIIL D GL LR
bha BHIZ, 2B OHEEROLHEE(E

O bR =Y I(Tnl), B X OLHHRRREIEEKS
£&B (H-FABP) XEH T& 5. 4¥iZ H-FABP
BEHUOHEEREL Y I2KHAEI Y LA
T5H5DT, BHZHICERATHS. — 4, b
R VIEIREI-4RFBEI-rO LR L, REMED
FHE (TnT: 8-12 H, Tnl: 5-8 H) &K 3 5D
T, ZOBROTWMIZERATH S, EAFETE
TnTH XU H-FABPOEHRHEF v P THBH -
fay 77Ty 547, S¥F v 7 H-
FABP A HilRENTW5B, T/, &E - HEBER
D~ —H—& LTid TF(tissue factor), PAI-1
(plasminogen activator inhibitor—1) 238 i T&
5, B, ®ZRBICBIT2EIRELESTED
REEDRKEZ KIE~—H—Tdh 5 hs-CRP,
SAADSE A RBELTWB EDHEDL H ED. 4
BINGHOBZIREROFFMIZ/NA F < — 1 — DL
HAENBRROFRPETNS.

b

NGRS 2 MR AR i3 2 <, M-
BREZCENZHZ T LIIRTMETH 5.
72721, BOoLORERREY YT VT,
BEMICfollowupTAHIEIZEY, KD
LREFRBOLIE, HEEEOBEDL L OEED
BoOFME, FRHUERENTEEE 5. 414,
- MBEEERFORER, REZORRELR
Sk, BhAHINGHROBHE, HE~NOFR
PHFIh 5.

—219—



Bx W

1)

2)

3)

4)

5)

)

7

8)

10)

11)

12)
13)

14)

15)

16)

17)

18)

19)

20)

21)

22)

23)

24)

Nippon Rinsho Yol 66, No 2, 2008-2 319

Shikishima Y, et al: Inverse correlation between macrophage —colony stimulating factor, cholesterol
and high density lipoprotein cholesterol in Kawasaki disease. Asian Pac Allergy Immunol 19: 85—
91, 2001.

Cheung YF, et al: Induction of MCP-1, CCR2, and iNOS expression in THP-1 macrophages by
serum of children late after Kawasaki disease. Pediatr Res 58: 1306-1310, 2005.

Melish ME, Hicks RV: Kawasaki syndrome: clinical features. Pathophysiology, etiology and
therapy. J Rheumatol Suppl 24: 2-10, 1990.

Koike R: The effect of immunoglobulin on immune complexes in patients with Kawasaki disease
(MCLS). Acta Paediatr Jpn 33: 300-309, 1991.

Lin CY, et al: Serial changes of serum interleukin—6, interleukin—8, and tumor necrosis factor
alpha among patients with Kawasaki disease. ] Pediatr 121: 924-926, 1992.

Furukawa S, et al: Kawasaki disease differ from anaphylactoid purpura and measles with regard to
tumor necrosis factor—alpha and interleukin 6 in serum. Eur J Peditar 151: 44-47, 1992.

Suzuki H, et al: Effects of immunoglobulin and gamma—interferon on the production of tumor
necrosis factor—alpha and interleukin—1 beta by peripheral blood monocytes in the acute phase of
Kawasaki disease. Eur J Pediatr 155: 291-296, 1996.

Asano T, Ogawa S: Expression of monocyte chemoattractant protein—1 in Kawasaki disease: the anti
—inflammatory effect of gamma globulin therapy. Scand J Immunol 51: 98-103, 2000.

Asano T, Ogawa S: Expression of IL-8 in Kawasaki disease. Clin Exp Immunol 122: 514-519,
2000.

Jibiki T, et al: High concentrations of interleukin—8 and monocyte chemoattractant protein—-1 in
urine of patients with acute Kawasaki disease. Eur J Pediatr 163: 749-750, 2004.

Inoue Y, et al: Increased circulating granulocyte colony-stimulating factor in acute Kawasaki disease.
Pediatr Int 41: 330-333, 1999.

Oana S, et al: Serum M—-CSF levels in Kawasaki disease. Br J Haematol 107: 462-463, 1999.
Furukawa S, et al: Increased levels of circulating intercellular adhesion molecule 1 in Kawasaki
disease. Arthritis Rheum 35:672-677, 1992.

Kim DS, Lee KY: Serum soluble E-selectin levels in Kawasaki disease. Scand ] Rheumatol 23:
283-286, 1994.

lizuka T, et al: Nitric Oxide and aneurysm formation in Kawasaki disease. Acta Paediatr 86. 470—
473, 1997. '
BHET  NGHREEHCBIA N yr=r7u 7y Y EER#EORP POV FEFF A2 TOR S
470 CREEDORE. HIEEE 100: 1729-1734, 1996.

Ogawa S, et al: Increased plasma endothelin—1 concentration in Kawasaki disease. ] Cardiovasc
Pharmacol 22: S364-S366, 1993. '

Maeno N, et al: Increased serum levels of vascular endothelial growth factor in Kawasaki disease.
Pediatr Res 44: 596-599, 1998.

Yasukawa K, et al: Systemic production of vascular endothelial growth factor and fms-like tyrosine
kinase—1 receptor in acute Kawasaki disease. Circulation 105: 766-769, 2002.

Senzaki H: The pathophysiology of coronary artery aneurysms in Kawasaki disease: role of matrix
metalloproteinases. Arch Dis Child 91: 847-851, 2006.

Blake GJ, Ridker PM: Novel clinical markers of vascular wall inflammation. Circ Res 89: 763
771, 2001.

Mantovani A, et al: The long pentraxin PTX3 in vascular pathology. Vascul Pharmacol 45: 326-
330, 2006.

Kurotobi S, et al: Brain natriuretic peptide as a hormonal marker of ventricular diastolic dysfunction
in children with Kawasaki disease. Pediatr Cardiol 26: 425-430, 2005.

Takeuchi D, et al: Abnormal tissue Doppler images are associated with elevated plasm brain

—220—



320 B 4Bk 66 % 2 5 (2008-2)

natriuretic peptide and increased oxidative stress in acute Kawasaki disease. Circ] 71: 357-362,
2007.

25) Mitani Y, et al: Elevated levels of high-sensitive C-reactive protein and serum amyloid—-A later
after Kawasaki disease: association between inflammation and late coronary sequelae in Kawasaki
disease. Circulation 111: 38-43, 2005.

—221—



Cire J 2007, 71: 709 -715

Coronary Artery Aneurysm Induced by Kawasaki Disease
in Children Show Features Typical Senescence

Ryuji Fukazawa, MD; Ei kegam, MD; Miki Watanabe, MD; Miharu Hajikano, MD;
Mitsuhiro Kamisago, MD; Yasuhiro Katsube, MD; Hitoshi Yamauchi, MD*;
Masami Ochi, MD*; Shunichi Ogawa, MD

Background Kawasaki discase (KD) causes coronary artery disease (CAD) in children. In addition, a history
of KD is suspected to be a risk factor for the dcvclopmenl of atherosclerotic heart disease in the future. Histo-
logical senescence changes are a common denominator in atherosclerotic lesions in adults, so the prc«cnl study
investigated whether histological senescence changes had already occurred in KD aneurysm.

Mecthods and Results Kl) COTOMAry ancurysms and internal mammary arterics retrieved from 5 children with
KD (3,4, 5, 6, and 11 years old, respectively) who underwent coronary artery bypass gralting, as well as giant
coronary ancurysm size-reducing operations, were analyzed. Senescence-associated strong B-galactosidase
activity was observed in KD ancurysms, but not in the internal mammary arteries. An mmumohmlochcmlcdl
analysis of the KD ancurysm using anti-CD31, anti-endothelial nitric oxide synthetase (eNOS), anti-vascular
adhesion molecule-1 (VCAM-I1), and anti-monocyte chemoattractant protein-1 (MCP-1) showed vascular
endothelium CD31 sldining, decreased staining of eNOS and strong staining of MCP-1 and VCAM-1. cDNA
microarray gene expression profiling revealed increased MCP-1 expression in the KD aneurysm, a finding
confirmed by quantitative polymerase chain reaction.

Conclusions Histological fealures of senescence and active remodeling gene expression show that the KD
ancurysm is not a silent vasculitis terminal. The future fate of KID ancurysms, including atherosclerosis, should

be monitored carcfully.  (Cire J 2007; 71: 709-715)

Key Words: Ancurysm; Atherosclerosis; Kawasaki disease; Sencscence

awasaki disease (KD) is known to cause coronary
K artery disease (CAD) in approximately 10,000
children in Japan every year! and preventing this
outcome is the ultimate goal of treating the acute phase of
KD. In addition (o being a cause of acute phase CAD, it has
recently been suggested that a history of KD may itself be
one of the risks for future atherosclerosis?? Mitani et al?
showed elevated levels of high-sensitivity C-reactive pro-
tein in KID patients with a coronary artery aneurysm, which
suggests a risk for developing atherosclerosis and other
vascular maladies in late phase KD.

Recent findings suggest that atherosclerosis is an inflam-
malory disorder? 7 and that vascular senescence plays an
essential role in its development®? Vascular senescence
findings include increased adhesion molecules and pro-in-
flammatory cytokines or chemokines, as well as a reduction
of normal physiological vascular proteins, such as endo-
thelial nitric oxide synthetase (eNOS) and prostacyclins.
All of these histological vascular senescence features are
observed around atherosclerotic plaques!?

A recent report by Suzuki et al suggests there are histo-
logical differences between KD coronary artery and adult
atherosclerotic plaque!! There is a different distribution of
the expression of growth factors between the KD and athero-

(Received August 17, 2006; revised manuscript received February 13,
2007; accepted February 21, 2007)

Deparnment of Pediatrics and *Deparunent of Surgery. Cardiovascu-
lur Surgery, Nippon Medical School, Tokyo, Japan
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Nippon Medical School Tama-Nagayama Hospital, 1-7-1 Tama,
Tokyo 206-8512. Japan.  E-mail: oraora@nms.ac jp

Pol. 71, May 2007
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sclerosis lesions, but we assume that smooth muscle cell
growth and vascular remodeling, as the response to growth
factors and inflammatory cytokines, is the basic biological
response (o vascular tissue inflammation. As long as KD
vasculitis and atherosclerosis are based on an inflammatory
reaction, there should be pathophysiological and genetic
similarities as well as differences. We suspect that similar
inflammatory reactions may facilitate the post-KID coronary
artery in making atherosclerotic lesions. We hypothesize
that vascular senescence has already appeared in the KD-
affected vasculature and might contribute to future athero-
sclerosis. Typical vascular senescence findings are increase
of B-galactosidase (B-gal) activity, as well as a decrease of
the vascular physiological protein eNOS? In addition,
increascd adhesive proteins, such as vascular adhesion
molecule-1 (VCAM-1)$ as well as increased chemokines,
such as chemokine monocyte chemoattractant protein-1
(MCP-1)!2.13 are major vascular histological findings in the
atherosclerosis lesion. In the present study we examined
whether these histological characteristics might have
already appeared in the KD aneurysm, and whether gene
expression profiling by cDNA microarray might show what
is proceeding in KD aneurysm. This study is the first to
analyze the KID aneurysm from the standpoint of vascular
senescence.

Methods

Chemicals
All chemicals were purchased from Sigma-Aldrich (St
Louis, MO, USA) unless noted otherwise.
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Table 1 Patients’ Backgrounds
Case Gender Age ar Age ;1”“"4“.‘"" site l‘.,“:,. St ] Acute phuse therapy Muintenace therapy Operative procedire
no. ender onsel CABG ("””) L IUATR) e phusse ) 1 cnac 1) ;\ jrera L ere
! M Jvim Syim I1AD: 38.9, (-} IVIG, Stemwid pulse, Waif, Asp. Dipy LITA-1AD,
RCA: 35.0 Ulinastatin RCA plication
2 M Ivim Avlm IAD: 198 (-) IG Asp, Ticlopidine LITA-1AD,
LCA plication
3 M 8y7m Hxdm LAD: 16.0, #7 IVIG, Ulinastatin Waif, Asp, Cartevlol LITA-1AD,
RCA: 17.0 RCA plication
4 F Ivlm 1y2m LAD: 30.7, (-) IVIG, Sterid Waif, Asp, Dipy, LITA-LAD-D1-Cx,
RCA: 18.8 Propranoml RCA plication
5 M om oylm LAD: 33,6, (-) IVIG, Ulinastatin Warf, Heparin div LITA-1AD,
RCA: 76.3 RCA plication

CABG, coronary artery bypass grafting: v, year: m, month: LAD, lcft anterior descending coronary artery: RCA, right coronary artery: IVIG, intravenous im-
munoglobulin therapy: Steroid pulse, steroid pulse therapy: Warf, warfarin: Asp, aspirin: Dipy, dipyridamole: LITA. lcft interal thoracic artery: LCA, lefi
coronary artery: D1, first diagonal branch: Cx, circumflex artery; div, dripping intravenons infusion.

Table 2 Differences in the Gene Expression of the KI) Aneurysm Tissue and ITA
Ratio Diffcrence  Gene bank code Gene
0.45 -19.662 M36711 Transcription fuctor AP-2 (TFAP2: AP2TF)
0.64 -19.379 M26880 Ubiquitin
Undefined -18,755 M97796 Helix-loop-helix protein: DNA-binding protein inhibitor Id-2
0.46 -18,426 M83221 I-rel (RELB)
0.55 -18.012 X69391 60S ribosomal protcin L6 (RPLA)
0.32 -17.375 M73780 Integrin 8 8 precursor (ITGBS)
0.52 ~16,631 X06820 Transforming protein rhoB: ARHB: ARH6
0.49 -16,107 M6339%6 Transcriptional enhancer factor (TEFI)
041 -15573 Uli0s50 Ras family member (ras-like protein KIR)
0.32 -14,178 X93499 Ras-related protein RAB-7
0.21 -14,087 X51405 Carboxypeptidase H precursor (CPH)
0.37 —13443 U78576 68-kDa type I phosphatidylinositol-4-phosphate S-kinase @
0.34 11428 AJOOS 12 Serum- & glucocorticoid-regulated serine/threonine protein kinase (SGK)
0.42 -11,349 X07270 Heat shock 90-kDa protein A (HSPYOA)
0.52 -11,226 U48959 Mpyosin light chain kinase (MLCK) smooth muscle & non-muscle isozymes
441 10,312 $56142 Adenosine Al receptor (ADORAT)
Undcfined 10,376 M62424 Thrombin receptor (TR) .
Undefined 10.381 X04429 Endothclial plasminogen activator inhibitor-1 precursor (PAI1)
516 10,664 L12350 Thrombospondin 2 precursor (THBS2)
2.09 10.957 X04106 Calpain; calcium-activated neutral proteinase (CANP)
11.80 12,228 X66365 Cell division protein kinase 6 (CDK6)
7.89 12,807 X69550 Rho GDP dissociation inihibitor | (RHO-GDI 1)
Undefined 13,101 AF013263 Apoptotic protease activating factor 1 (APAFI)
4.50 15,270 V00568 C-myc oncogene
23.34 15,663 X57766 Matrix metalloproteinuse 11 (MMP11)
16.75 17.217 Usi1o04 Hint protein; protein kinuse C inhibitor 1 (PKCI1)
Undefined 20,178 M68867 Cellular retinoic acid-binding protein I (CRABP2)
39.73 22,386 MI12529 Apolipoprotein E precursor (APOE)
1.96 26,570 M24545 Monocyte chemoattractant protein | precrasor (MCPT)
Undefined 29,200 X03124 Metalloprotcinase inhibitor I precursor (TIMPI)
2.80 35,111 M92381 Thymosin 810 (TMSB10)
S5.44 37,928 X05562

KD, Kawasaki disease; 1TA, intrathorucic artery.

Procollugen @ 2 (IV) subunit precursor

The signals of 5 membranes cach of ITA tissue and KD aneurvsm waere averaged.
Averaged Array 1 (Al) was ITA tissue and averaged Array 2 (A2) was KD ancurysm tissue.

Ratio: ratio of the signal frum A2 compared with Al

Ratio = A2 intensity/Al intensity, Undefined: gene signal a: background level in | array.

Difference: The signal difference of A2 compared with Al
Difference =A2 intensity-Al intensity.

When the ratio was over 1.5 (or below 0.67), and the difference was over/under 1,000, genc expression diffcrence was considered

prevalent and was listed on the Tuble.

Preparation of Coronary Artery Tissues

Five patients (age: 7.4+1.7 years) with KID who had giant
coronary ancurysms underwent coronary artery bypass
grafting (CABG) because of myocardial ischemia induced
by coronary artery stenosis. The mean time from K1 onset
to CABG was 3.7+1.6 years. These patients also had aneu-
rysm size-reduction procedures (plication) as an adjunct

operation (Table 1) and so our specimens were from the
center of the giant aneurysms. We conducted this procedure
when the patients underwent CABG, in addition, thrombus
formation was uncontrollable, even with warfarin antico-
agulation therapy, because of the size of the aneurysms!4
Shear stress to the vascular wall is inversely proportional to
vascular radius, so an increase in shear stress was expecled
Vol.71, May 2007
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with reduction of the radius of the ancurysm. It was also
anticipated that turbulent flow in the aneurysm would be-
come pulsatile and that coronary flow velocity would be
increased? Reducing the vascular radius and increasing the
flow velocity both contribute to augmentation of vascular
shear stress and this protects against thrombus formation in
the aneurysm!® Therefore, we expected that the plication
procedure would greatly assist the anticoagulation therapy.
‘The excised coronary arteries were the subject of our analy-
sis and the internal thoracic arteries (I'TA), trimmed for
CABG, were used as controls. This study was approved by

the Nippon Medical School Ethics Committee and written

informed consent was given by the patients’ parents.

Senescence-Associated B-Gal Activity

Scnescence-associated B-gal activity was examined in the
tissues as described previously? Briefly, the samples were
fixed in 4% paraformaldehyde (PFA) for 30 min at room
temperature and incubated for 24 h at 37°C in freshly pre-
pared B-gal staining solution containing 1 mg/ml 5-bromo-
4-chrolo-3-indlyl B-D-galactopylanoside (X-gal), 5 mmol/L.
potassium ferrocyanide, Smmol/l. potassium fericyanide,
150 mmol/1. NaCl, 2mmol/i. MgClz, 0.01% sodium deoxy-
cholate, and 0.02% Nonidet-40. After the stained arteries
were photographed, the samples were immersed in OCT
compound (Sakura Finetechnical Co Ltd, Tokyo, Japan)
and frozen in dry ice prior to cryostat sectioning.

c¢DNA Microarray Gene Expression Profiling

Excised arterial tissue was immersed immediately in
RNAlater stabilization reagent (QIAGEN Science, MD,
USA), and the RNA was extracted using the RNeasy mini kit
(QIAGEN Science). Contaminating DNA was removed
using an RNase-free DNase kit (QIAGEN Science). Total
RNA was treated as the starling material for cDNA microar-
ray analysis (Human ATILAS 1.2, BD Bioscience Clontech,
Palo Alio, CA, USA) following the manufacturer’s proto-
col. Brieflly, a probe was synthesized from over 3ig of the
total RNA and dATP-P32, and was hybridized overnight al
68°C to the micro-array membranes. Thereafter, the mem-
branes were washed several times and exposed to X-ray
film for up to 1 week. The X-ray films were scanned (ES-
2000 EPSON) and the data were analyzed using ATI.AS
Image 1.5 software (B> Bioscience Clontech). The gene

Ciradation Jornal - 17071, May 2007

Figl. Senescence-associated B-galactosidase
(B-gal) staining. (A) Control ITA: slight B-gal
activity (blue staining) can be seen on the
luminal surface. (B) Gianl coronary artery
aneurysm of a KD patient: strong senescence
associated B-gal activity (blue staining) can be
seen on the luminal surface of the aneurysm.
(C) Frozen cross-section of B-gal-stained KD
aneurysm: the blue color is mainly localized
inside the aneurysm, suggesting that 8-ga}
activity is mainly by endothelial cells (long
arrows). Beta-gal activity is also observed on
the adventitial side of the KD aneurysm (short
arrows), suggesting senescence changes are
also occurring at this location. KD, Kawasaki
disease: ITA, internal thoracic artery.

expression signal of each of the 5 membranes per tissue sam-

ple (5 ITA samples, 5 coronary artery aneurysm samples)
was averaged by the software, and compared. We defined
Arrayl as the ITA, and Array2 was as the aneurysm. The

. ratio and difference in the signals were calculated as fol-

lows: ratio=(signal intensity from Array2 (A2))/(signal
intensity from Arrayl (A1), difference=(A2)-(A1). When
the ratio was over 1.5 (or below 0.67), and the diffcrence
was over/under 1,000, gene expression difference was con-
sidered prevalent (Table 2).

Quantitative Polymerase Chain Reaction (PCR) for
MCP-1 Expression

‘The primers and probe for MCP-1 were designed accord-
ing to the ¢cDNA sequence (Gene Bank S69738) using
Primer Express software (Applied Biosystems, Foster City,
CA, USA). Forward primer: SCGCCTCCAGCATGAAA-
GTCT3; reverse primer: GGGAATGAAGGTGGCTG-
CTA?, and Probe 5°-(6-Fam)-CGCCCTTCTGTGCCTG-
CTGCT-(Tamra) (Phospate)-3". The B-actin primers and
probe were purchased from Applied Biosystems. The RNA
obtained from the aneurysm and ITA was reverse tran-
scribed using a reverse transcriplion PCR (RT-PCR) kit
(Takara Bio Inc, Ohtsu, Japan). Quantitative PCR for
MCP-1 was performed with the GeneAmp 5700 Sequence
Detection System (Applied Biosystems). The amounts of
B-actin were simultaneously measured and the ratio of
MCP-1 to B-actin was calculated. The data are expressed as
mean+SE. MCP-1 expression was comparcd betwceen the
aneurysm and ITA samples by Student’s t-test using
StatView 5.0 (SAS Institute Inc Cary, NC, USA).

Imnumohistochemistry

The excised tissue samples were fixed in 4% PFA, em-
bedded in paraffin, and sliced into 4-Um sections. Following
de-paraffinization and heat antigen retrieval, the primary
antibodies were loaded after intrinsic peroxidase blocking.
Working dilutions of the primary antibodies were as fol-
lows: anti-CD31 (1:50, clone JC70A, Dako Cytomation,
Location, Glostrup, Denmark), anti-eNOS (1:75, clone 3,
BD Biosciences Pharmigen, San Jose, CA, USA), anti-
VCAM-1 (1:50, H-276, Santa Cruz Biotechnology Inc Santa
Cruz, CA, USA) and anti-MCP-1 (1:1(), ab7814, Abcam,
Cambridge, UK). Antibody signals were detected by a
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Fig2. Quantitative PCR shows increased MCP-1 expression in the
KD aneurysin and that the rativ of MCP-1 expression to B-actin
expression is significantly higher in the KD aneurysm samples than in
the ITA samples. The B-actin/MCP-1 was 1.2520.05 in the aneurysm
and 1.11£0.09 in the ITA (p=0.015). KD, Kawasaki disease; 1TA,
internal thoracic artery: PCR, pulymerase chain reaction: MCP-1,
monocyte chemoatiractant protein-1.

FUKAZAWA R et al.

Dako envision/HRP kit. Peroxidase activity was visualized
by 0.02% 3-3’ diaminobenzidine and 0.05% hydrogen per-
oxide (Dako Cytomation).

Results

Senescence-Associated B-Gal Activity Staining

Beta-gal activity was hardly detected in the FTA samples
(Fig1A), but in the ancurysm samples there was strong
activity on both the intimal surface (Fig 1B), corresponding
to the vascular endothelium, and on the adventitia (Fig 1C).

¢DNA Microarray Gene Expression Profiling

The gene expression differences between the aneurysm
and ITA samples are shown in Table 2. The genes that were
significantly expressed in the aneurysm samples were pro-
collagen @2 (1V) subunit precursor, metalloproteinase inhib-
itor 1 precursor (TIMP1), MCP- 1, matrix metalloproteinase
11 (MMPI11), and apoptotic protease aclivating factor |
(APAF1). ’

Fig3. lmmunohistochemical staining for
CD31. (A) Control ITA: positive staining can
be seen along the intimal endothelium (arrows).
(B) KD aneurysm: intimal endothelium (B1,
arrows), as well as the endothelium of the
vasa vasorum, is positive (B2, arrows). KD,
Kawasaki disease: 1TA, internal thoracic
artery.

Figd. Immunohistochemical staining for
eNOS. (A) Control ITA: positive stained along
the endothelivm (arrows). (B) KD ancurysm:
negative staining of the intimal endothelium,
but positive along the endothelium of the vasa
vasorum (arrows), eNOS, endothelial nitric
oxide synthetase: KD, Kawasaki disease; ITA,
internal thoracic artery.

Civeulation Joumal 1071, May 2007
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MCP-] Quantitative PCR -

MCP-1 expression was significantly increased in the
zmcma'sm samples compared with the ITA samples (Fig?2).
The B-actin/MCP-1 ratio was 1.25+0.05 for aneurysm
tissuc and 1.11+0.09 for ITA tissue, which was a signifi-
cant difference (p=0.015).

Immumohistochemistry

CD31 was stained in the endothelium of both ITA and
ancurysm samples (Figs 3A,B). In addition, CD31 was
present in the vasa vasorum of the aneurysm (Fig 3B2).

In the control ITA, eNOS was detected along the vascular
endothelium (Fig 4A), but was hardly detected on the endo-
thelial surface of the aneurysm samples (Fig4B). In con-
trast, eNOS was highly expressed in the vasa vasorum in
the aneurysms (Fig4B).

None to minuscule VCAM-1 staining was observed in
the ITA (Fig5A), but the endothelium of the intimal sur-
face of the ancurysm (Fig SB1), and of the vasa vasorum,

Cirenation Jormal Vol 71, Aay 2007
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Fig5. bnmunohistochemical staining for
VCAM-1. (A) Control ITA: negative staining.
(B) KD aneurysm: VCAM-1 staining mainly
in the vasa vasorum (B2, arrows) and the inti-
mal endothelinm (B1, amrows). KD, Kawasaki
disease; VCAM- 1, vascular adhesion molecule-
1. IMA., internal mammary artery.

Fig6. Immunohistochemical staining for
MCP-1. (A) Control ITA: negative staining.
(B) KD aneurysm: MCP-1 staining in the vasa
vasonum (B2, arrows), but not on the intimal
endothelium (B1). KD, Kawasaki disease:
MCP-1, monocyte chemoattractant protein-1;
IMA, internal mammary artery.

was well stained with VCAM-1 (Fig 582).

None to minuscule MCP-1 staining was observed in the
ITA (Fig6A), but was detected in the vasa vasorum of the
aneurysms (Fig 6B2), aithough not in the intimal endothe-
lium (Fig 6B 1).

Discussion

The histological features of KI) coronary lesions are
destruction of the 3 layers of vessel walls and significant
intimal hyperplasial? and to date KD has been considered
as a specific vasculitis of children only. Recent immunohis-
tological studies suggest that KD coronary artery lesions are
not silent terminal tissue after vasculitis. They actively pro-
duce inflammatory cytokines'® and were still in the active
remodeling state!! In the present study we also confirmed
high expression of genes associated with vascular remodel-
ing, such as procollagen @2, TIMPL, MCP-1, MMP1 1, and
APAF], in the KD aneurysm, suggesting active remodeling
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was taking place. Furthermore, we detected increased senes-
cence-associated B-gal activity in the adventitia and the
tuminal surface of the cndothelium. Both MCP-1 and
VCAM-1 were strongly expressed in the vasa vasorum of
the advenlitia. Miura et al'? also reported expression of cell
adhesion molecules, including VCAM-1, in the neovascu-
lature of KD coronary arteries. All of these findings suggest
that the K> aneurysm is not terminal silent debris afler
severe vasculitis. High expression of extracellular matrix,
such as procollagen @, may facilitate vascular stiffness or
vascular sclerosis. Intriguingly, VCAM-1 and MCP-1 were
mainly expressed in the vasa vasorum of the KD aneurysm,
which we consider is a histological finding that is unique to
KD and different from that of adult atherosclerosis lesions,
and that it suggests a distinct discase progression. Although
adult atherosclerosis progression originates from the intimal
side of the arteries, the sclerotic change of the KD aneu-
rysm may develop from the adventitial vasa vasorum. We
proposc that vascular disease progression in KD differs
from that of adult atherosclerosis.

Not only are there differences, but there are also similani-
ties between adult atherosclerosis and the KD aneurysm.
One of the characleristic histological features in atheroscle-
rosis 1s “vascular senescence”, which includes a decrease in
vasodilative factors, such as nitric oxide, and an increase in
vascular wall stiffness, cell adhesion molecules, and inflam-
malory cytokines!® Vascular senescence is closely related
to atherosclerosis!? This study is the first to demonstrate that
vascular senescence is developing in the KI aneurysm.
The intimal surface of the KD ancurysmal endothelium is
often denuded in acute phase K1 vasculitis!? but we found
that endothelial cells, as detected by positive CD31 staining,
had regrown on the intimal surface of the late-stage KD
ancurysm. However, the intimal side of the endothelium
showed a decreased expression level of physiological pro-
teins such as eNOS and increased levels of adhesion mole-
cules such as VCAM-1, the latter being closely related to
atherosclerosis® These findings, typical of histological
senescence, are surely a sign of disease progression in the
KD aneurysm, and lead to the suspicion of early atheroscle-
rosis developing in a KD aneurysm.

However, it is ridiculous to think that vascular senes-
cence is a specific finding only for atherosclerosis. Because
atherosclerosis is one of the vascular inflammatory dis-
eases? 7 it is natural to think that the inflammatory reaction
itself facilitates vascular senescence. The pro-inflammatory
factors, such as chemokines, cylokines, inflammatory cells,
vascular blood flow, and shear stress, are alt important back-
ground mechanisms for vascular senescence. Therefore, we
think it is no wonder that the KD ancurysm showed vascu-
lar senescence.

In this study, we examined the gene expression profiling
of KD aneurysm tissue, and found a high expression of
MCP-1, which was also confirmed by quantitative PCR.
MCP-1 directs monocytes to the intima and plays a central
role in the development of atherosclerotic plaques? Several
lines of evidence suggest that MCP-1 and its receptor CCR2
are involved in atherosclerosis!22! The MCP-1 gene poly-
morphism -2578G, which correlates with higher plasma
levels of MCP-1, was associated with prevalent myocardial
infarction in a large cohort?223 C-reactive protein is known
to be a risk marker for vascular events? and itself promotes
MCP-I-mediated monocyte chemotaxis? As well as adult
atherosclerosis, MCP-1 also correlates with acute phase
K1 vasculitis!®- 26 Terai et al'® have reported profuse extra-

FUKAZAWA R ctal

cellular matrix-bound MCP-1 expression on the adventitia
and massive mononuclear cell infiltration in a paticnt who
died 14 days after KD onsct. In the present study we
showed that MCP-1 is still actively involved in late-phase
KD; however, little invasion of macrophages or inflamma-
tory mononuclear cells was observed in the present KD
ancurysm (data not shown). Lack of macrophage infiltration
has been reported by others!! and is considered a distinct
feature of the KD coronary artery lesion compared with
atherosclerosis. Therefore, the upregulatcd MCP-1 in the
late-phase KID aneurysm that we observed in the present
study is not vascular inflammation persisting from acute-
phase KD. It may be one of the reactions of vascular senes-
cence. We could not answer why high expression of both
MCP-1 and VCAM-1 did not induce infiltration of macro-
phages or other inflammatory cclls into the late-phase KD
ancurysm. It may be the relatively short time from the onset
of KD. At the very least, together with the finding of vascu-
lar senescence, the KD ancurysm is undcr active remodel-
ing. We can not discard the possibility of early athcrosclero-
sis progression al younger ages, as Takahashi et al reported?
We should carefully monitor KD coronary lesions for de-
velopment into early atherosclerosis or other complicated
vascular discase.

On the other hand, physiologically impaired cndothelial
function in the brachial artery after KD was noted in pa-
tients without coronary artery lesionsZ272% ‘Those patients
had reduced brachial artery flow-mediated dilation (FMD).
FMD is dependent on the ability of the endothelium to
release nitric oxide2? However, another group?® reported
FMD reduction only in cases of KD with moderate to
severe CAD, not in those with normal to mild CAD. The
issue is still controversial. We used the KD patients’ ITA as
control tissue and we observed eNOS staining along the
intimal endothelium of the I'TA. We could not detect further
findings of sencscence in the ITA. Although KD causes
systemic vasculitis, [TA might be affected less by inflam-
mation than either the brachial artery or coronary artery. As
the coronary artery is the site of the most severe inflamma-
tion in KD, the degree of vasculitis is not homogeneous.
Second, what we stained was eNOS antigen. We did not
measure eNOS activity itself and this may be reduced in
the ITA of KD patients, even though eNOS expression is
not impaired. It is conceivable that the ITA are also
affected by KD vasculitis (o some extent, but not so severe
to cause vascular senescence.

For the first time, we report evidence of senescence pro-
gression in the KD aneurysm. These histological findings
are almost the same as those found in early atherosclerosis
in adults. However, there are also histological differences
between the KD aneurysm and atherosclerosis. The KD
aneurysm is not a terminal phase of vasculitis, but instead is
undergoing active vascular remodeling. Vascular senescence
of the KD coronary lesion is a risk for future complicated
vascular disease, including atherosclerosis, so patients must
be carefully followed.
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Original Article

Reduced shear stress and disturbed flow may lead to coronary
aneurysm and thrombus formations

Abstract

TAKASHI OHKUBO, RYUJI FUKAZAWA, EI IKEGAMI AND SHUNICHI OGAWA
Department of Pediatrics, Nippon Medical School Hospital, Tokyo, Japan

Background: With Kawasaki disease it is important to clarify the mechanisms of coronary artery aneurysm and
thrombus to avoid acute myocardial infarction. The authors tested the hypothesis that shear stress is reduced at
coronary branching sites and in coronary artery ancurysms, and that this reduction of shear stress can promote
formation of coronary artery aneurysms and thrombus.

Methods: The subjects were 111 children with Kawasaki disease with left coronary artery aneurysms, classified
into three groups: giant coronary artery aneurysm (n = 28, diameter of coronary artery >8 mm), aneurysm (n = 44,
diameter of coronary artery =8 mm), and normal-appearing coronary (n = 39). Averaged peak flow velocity (APV),
flow patterns and shear stress were measured and calculated at normal-appearing coronary vessels, left coronary
artery branching sites and intra-coronary aneurysm using flow wire, and coronary angiography. Also, presence and
appearance of thrombus were detected by intravascular ultrasonography.

Results: The authors found that 90.3% of the coronary artery aneurysms occurred at major left coronary branch-
ing sites. APV and shear stress were significantly decreased in giant coronary artery aneurysms (APV, 7.1 + 2.1
cm/s; shear stress, 3.8 * 2.1 dyne/cm®) and at the left coronary artery branching site (APV, 9.1 * 1.2; shear stress,
1* 6.2 3.0). In total, 20 of 24 thrombi were detected only in giant aneurysm, and all patients exhibited disturbed
flow pattern in their giant coronary artery aneurysms.

Conclusions: Reduced shear stress and disturbed flow pattern may lead to coronary artery aneurysm and throm-

bus formation.

Key words

An important complication of Kawasaki disease, which
involves diffuse and systemic vasculitis, is thrombosis in coro-
nary artery aneurysms, which often occurs in giant coronary
aneurysms and can cause acute myocardial infarction.!? There-
fore, it is important to clarify the mechanisms of formation of
coronary aneurysm and thrombus, which may involve bio-
chemical and biomechanical factors. In our laboratory, we
have focused on rheological changes in coronary arteries. We
hypothesize that shear stress, which is related to blood flow
velocity, is reduced at coronary branching sites and in coro-
nary aneurysms with a history of Kawasaki disease, and that
this reduction of shear stress can promote formation of coro-
nary artery aneurysm and thrombus. It has been reported that,
in adults, atherosclerosis initially occurs at coronary artery
branching and bending sites, where shear stress is relatively
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low, and low shear rates allow more time for lipoproteins to
enter the intima, and for adhesion of white blood cells.>*

We propose that, in Kawasaki disease, there are two mech-
anisms of thrombus formation related to changes in shear
stress in coronary artery due to stenotic lesions and dilated
lesions of coronary artery. At the coronary stenotic lesions,
increased shear stress can directly expose and/or activate GPI-
Ib/MlIa receptors, the ligand of which is vWF, and cause plate-
lets to aggregate and form thrombi.* In contrast, in coronary
artery aneurysm, shear stress can be reduced due to decreased
coronary flow velocity and dilation of coronary artery, and this
reduced shear stress leads to thrombus formation because of
thrombogenicity caused by decreased endothelial function,
leading to increased platelet aggregation and coagulation, and
decreased fibrinolysis.

We designed this study to test four predictions: (i) that
aneurysms often form at major left coronary artery branching
sites; (ii) that low shear stress at coronary artery branching site
correlates with coronary artery aneurysm; (iii) that lower shear
stress inside aneurysms correlates with greater size of aneu-
rysms; and (iv) that reduced shear stress strongly correlates
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with thrombus formation. We determined the localization of
aneurysms, calculated shear stress at the coronary artery
branching site and in the coronary artery aneurysms, and
evaluated thrombosis in the aneurysms.

Methods
Subjects

The subjects were 111 patients with Kawasaki disease, from
2 to 15 years of age, who had aneurysms in the left coronary
artery but had no history of acute myocardial infarction or
congestive heart failure. These patients had no significant
stenosis in the proximal or distal portions of their aneurysms.
A 2-D echocardiography was used to diagnose coronary artery
abnormalities. Time from onset of Kawasaki disease to the
examinations in this study ranged from 4 to 152 months. All
patients had taken 5 mg/kg per day Aspirin and/or Warfarin
(international ratio of prothrombin time, 1.5-2.0) as anticoagu-
lant therapy.

Quantitative coronary anglography

A SF left Judkins catheter was placed at the left coronary
ostium. Quantitative biplanes coronary angiography (CAG)
was performed in all patients in 30° right anterior oblique view
with 60° left anterior oblique view, and 60° right anterior ob-
lique view with 30° left anterior oblique view. If other views
were needed, some degree of caudal and/or cranial view with
left and/or right oblique view was added. The percent stenosis,
reference diameter of the adjacent normal-appearing segment,
and minimal luminal diameter were calculated as the mean of
the values obtained from the various views.

Measurement of coronary blood flow velocity by
Doppler flow wire

After routine left ventriculography and coronary angiography,
a SFr Judkins guiding catheter (JL, 2.0-3.5 cm) was advanced
to the ostium of the coronary artery after administration of
50-100 U/kg heparin. To measure coronary blood flow velocity,
we used a 0.014-in-diameter flexible angioplastic guide wire
with a 15 MHz piezoelectric ultrasound transducer mounted in
its tip (FloWire XT, Cardiometrics, CA, USA). The Doppler flow
guide-wire was maintained in the target coronary artery, and
was carefully manipulated to obtain the maximum amplitude.
Doppler audio signals were processed with a real-time spec-
trum analyzer using on-line fast Fourier transformation to pro-
vide a scrolling gray-scale spectral display. The coronary
flow-velocity spectrum envelope was digitized off-line with a

PC/AT computer and a custom-designed software program in-
terfaced with a digitizing tablet. Digitized spectral waveforms
from five cardiac cycles were averaged to compute several
parameters of intra-coronary flow velocity, including instan-
taneous spectral peak velocity and time-averaged spectral
peak velocity. We measured average peak velocity (APV) at
the normal-appearing vessels, at the middle of the aneurysm,
at the adjacent noﬁnal-appearing vessels approximately 5—-10 mm
proximal to the aneurysm border, and/or at the inner site of left
anterior descending branch (LAD) about 2-3 mm distal from
the top of LAD, and left circumflex branch (LCX) confirmed
the sensor position with a little bit of angiographic-dye through
the guiding catheter (Fig. 1).

Moreover, coronary flow patterns were defined and grouped
by two types such as pulsatile flow pattern and disturbed flow
pattern at each sampling site. Also, we calculated peak diasto-
lic and systolic flow velocity ratio at the same site.

Intravascular ultrasonography

A 6F sheath was inserted into the right or left femoral artery,
and a G6F left guiding catheter was positioned at the coronary
ostium. An ultrasound 2.8F imaging catheter with a 20 MHz
transducer and a frame rate of 10 per second (EndoSonics,
XXX) was advanced down the coronary artery over the 0.014
inch Doppler flow guide-wire. The location of the tip of the in-
travascular ultrasonography catheter was confirmed by fluor-
oscopy. Intravascular ultrasonography images were recorded
on compact disc, and presence of thrombus (wall adhesive
type and free float type) and the diameter and character of the
coronary arteries were determined (Fig. 2).

Calculation of shear stress

Blood in all but the smallest vessels (<500 mm) at all but the
lowest shear rates (<200/s) can be treated as an homogeneous
Newtonian fluid.® For Newtonian, one-directional flow in a
cylindrical tube, the shear rate is equal to the velocity gradient,
and the shear stress is the frictional force acting on a unit area
of the tube wall and equal to the product of shear rate and the
viscosity () Shear stress = p4Q/mR?

At shear rates higher than 200/s, the blood viscosity asymp-
totically approaches a constant value of about 3 cp (cp = 0.003
Pa - s; 1 Pa = 10 dyn/cm?).” For fully developed Poissueille
laminar flow, the shear stress at the wall of the tube is related
to the volume flow (Q) and half the radius (R). This formula
can be simplified as follows: Shear stress=(4xpuxAPV)/R.

In this calculation, APV was measured and calculated using
a Doppler flow wire, and R was the radius of the coronary
artery -that was estimated from coronary angiography and
intravascular ultrasonography images.
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Fig. 1 Measurement of coronary
blood flow velocity by Doppler flow
wire and calculation of shear stress
in (a) small aneurysm and (b) giant
aneurysm. (a) Averaged peak flow
velocity (APV) was measured in
small aneurysm (group A). Shear
stress (43.5 dyne/cm?) was calcu-
lated from APV (29 cm/s) and
diameter of the coronary vessel
(4.8 mm). (b) APV (6.2 cm/s) and
shear stress (2.4 dyne/cm?) were signi-
ficantly decreased in giant aneurysm
(group G). Moreover, coronary flow
pattern was disturbed fiow pattern.

Patient classification

The subjects were divided into three groups according to pres-
ence of coronary artery aneurysm and maximum diameter of
coronary artery aneurysm, based on findings of coronary angi-
ography and intravascular ultrasonography. The giant aneu-
rysms group, in which the maximal diameter of coronary
artery aneurysms was >8 mm, was designated as group G, and
contained 28 patients. The aneurysms group, in which the
maximal diameter of coronary artery aneurysms was <8 mm,

Fig. 2 Measurement of coronary
blood flow velocity by Doppler flow
wire and calculation of shear stress
at (a) normal-appearing vessels and
(b) branching sites. (a) Averaged
peak flow velocity (APV) was meas-
ured at normal-appearing vessels
(group C). Shear stress (38.4 dyne/
cm?) was calculated from APV (16
cm/s) and diameter of the coronary
vessel (2.1 mm). (b) APV (6.3 cm/s)
and shear stress (9.1 dyne/cm?) were
significantly decreased at about 5
mm distal from the top of the left
anterior descending artery and left
circumflex artery (segment 5-6-11;
group C).

Coronary aneurysm and thrombus formations 3

> \ ol L.

. e o FAia A oied e F

was designated as group A, and contained 44 patients. The
normal appearance group, in which patients had coronary
artery aneurysms at the acute stage of Kawasaki disease by
2-D echocardiography, but whose coronary arteries appeared
normal on coronary angiography and intravascular ultrasono-
graphy images, was designated as group N, and contained
39 patients. Also, the 21 patients in group N for whom we
measured and calculated APV and shear stress at the branch-
ing site of LAD and LCX were designated as group B (Table 1).
Patients with diffuse dilation of coronary artery were not

8800 JLkim D IRK 2. 2T

—231—



4 T Ohkubo et al.

Table 1 Characteristics of subjects

Group n Current age Time from onset to the test Frequency of patients taking Warfarin
Group G 28 44 = 27 months 30 = 19 months 100% (28/28)

Group A 44 47 * 37 months 37 * 26 months 18.2% (8/44)

Group N 39 49 * 34 months 34 * 21 months 0% (0/0)

Group B 21 98 * 40 months 49 * 22 months 0% (0/0)

included in this study. In groups A and G, APV was recorded
at the middle of the aneurysm. In group B, APV was recorded
at the inner site of LAD about 2-3 mm distal from the top of
LAD and LCX. In groups N and A, APV was recorded at the
normal-appearing coronary vessels or adjacent normal-
appearing vessels approximately 5-10 mm proximal to the
aneurysmal border.

Informed consent was obtained from patients or their pa-
rents after the study and/or treatment were explained fully.

Statistics

All data are reported as the mean * standard deviation. Results
were analyzed by anova, using Scheffe’s method. Differences
among three or four groups were considered statistically sig-
nificant when the value of P was <0.05.

Results

Localization of aneurysms by coronary angiography
and Intravascular ultrasonography

We determined the frequencies at which coronary artery aneu-
rysms localized at the sites examined by coronary angiography
and intravascular ultrasonography images. In group G, all 28
aneurysms occurred at major coronary branching sites: 24 oc-
curred at the branching site of the LAD and LCX, and four oc-
curred at the branching site of the first diagonal branch (D,) and
LAD. In group A, 37 of the 44 aneurysms occurred at major
coronary branching sites: 33 occurred at the branching site of
LAD and LCX, and four occurred at branching site of LAD and
D,. In contrast, seven aneurysms occurred at non-branching
sites of LAD-LCX or LAD-D,. Therefore, the majority of the
coronary aneurysms we examined occurred at the major branch-
ing site of the LAD or LCX, and the giant aneurysms were
especially likely to occur at those branching sites (Table 2).

Average peak velocity and shear stress

Using the Doppler flow guide-wire, we were able to stably
measure APV in the aneurysms, at the normal-appearing

coronary vessels, at the adjacent normal-appearing vessels to
the aneurismal border, and at the branching sites of the LAD
and LCX. APV and shear stress at the normal-appearing ves-
sels (including APV and shear stress at the adjacent normal-
appearing coronary vessels to the aneurismal border) were
measured and calculated in all of the 39 patients in group N,
and 18 of the 44 patients in group A. In group A, 26 of the 44
coronary artery aneurismal border existed near the orifice of
left coronary artery and APV could not be measured. There
were no significant differences among the two groups in APV
or shear stress in the normal-appearing vessels and at the
adjacent normal-appearing vessels to the aneurismal border.
APV and shear stress values at the giant aneurysms of group
G (APY, 7.1 = 2.1 cm/s; shear stress, 3.8 * 2.1 dyne/cm?)
and at branching sites of the LAD and LCX in group B (APV,
9.1 *£ 1.2 cm/s; shear stress, 16.2 * 3.0 dyne/cm?) were -
lower than those at the non-giant aneurysms of group A
(APY, 21.2 * 2.6 cm/s; shear stress, 33.2 * 5.5 dyne/cm?),
and at the normal-appearing vessels in groups A and N (APV,
19.6 = 2.1 cm/s; shear stress, 48.4 * 5.2 dyne/cm?).
Moreover, there were significant differences in APV and
shear stress between giant aneurysms and branching sites. In
contrast, values of APV and shear stress in normal appearing
vessels and non-giant aneurysm group could not find signifi-
cant differences. Because, the diameter of coronary artery
aneurysms were less than 5 mm in almost all cases of non-
giant aneurysm group. Therefore, shear stress in giant aneu-
rysms and at branching sites were significantly lower than in
non-giant aneurysms, normal-appearing vessels and adjacent
normal-appearing vessels to the aneurismal border, due
to reduced coronary flow velocity and increased coronary
diameter (Figs 3,4).

Table 2 Frequency and localization of aneurysms detected by
coronary angiography and intravascular ultrasonography

Grou Branching Branching site of Branching site of
site (total) LAD and LCX LAD and D,
Group G 28/28 (100%) 24/28 (85.7%) 4/28 (14.3%)
GroupA  37/44 (84.1%)  33/44 (75.0%) 4/44 (9.1%)
GroupN  0/39 (0%) 0/39 (0%) 0/39 (0%)

D,, first diagonal artery; LAD, left anterior descending artery;

LCX, left circumflex artery.
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Fig. 3 Averaged peak flow velocity in different situations.
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Fig. 4 Shear stress in different situations. *P < 0.05 versus other
groups.

Coronary flow patterns and peak diastolic and
systolic flow velocity ratio

We determined flow patterns under different conditions in coro-
nary artery. In the giant coronary artery aneurysm group, all
patients had disturbed flow pattern, and 16 of the 21 patients
whose APV at coronary branching sites we were able to meas-
ure had disturbed flow pattern; the other patients had pulsatile
flow pattern. Moreover, we calculated peak diastolic and systo-
lic flow velocity ratio, it was significantly increase in group
G (1.05 * 0.22) and in group B (4.38 * 0.85) as compared to
that in group A (4.32 * 0.69) and group N (1.13 * 0.23;
P <0.01).

Detection of thrombosis In aneurysms

We determined the frequency of thrombosis in coronary aneu-
rysms. In group G, 24 patients had thrombosis in their coronary

Fig. 5 (a) Free-floating thrombosis
in giant aneurysm on (b) intravascular
ultrasonography.
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artery aneurysm: 20 had thrombosis of wall adhesive type, and
four had thrombosis of free float type (Fig.5). In contrast, no
thrombosis was detected in groups A and N (Table 3). The four
patients with free floating type thrombosis underwent urgent
coronary artery bypass grafting after percutaneous translumi-
nal coronary revascularization with tissue-type plasminogen
activator.

In group G, there were no statistically significant differ-
ences in results of thrombotest (TT) or international ratio of
prothrombin time (PT/INR) among patients with no thrombo-
sis, wall adhesive type and free float type.

Discussion

In this study, 90.3% of coronary artery aneurysms localized at
major coronary branching sites in left coronary artery, and
100% of giant coronary artery aneurysm localized at major
branching site of LAD and LCX or LAD and D,. Suzuki et al.®
reported that about 90% of coronary artery aneurysms ap-
peared at coronary branching sites of LAD and LCX, and
LAD and D,. Their data are consistent with our present find-
ings. Next, we examined the biochemical mechanism by which
coronary aneurysm occurs at coronary artery branching sites.
We calculated shear stress under different conditions in coro-
nary artery. Both APV and shear stress were significantly lower
in giant coronary artery aneurysm and at branching sites of LAD
and LCX than in non-giant coronary artery or at normal-
appearing coronary vessels. Moreover, all of the flow patterns
in the giant coronary artery aneurysm group and three quarters
of the flow patterns at LAD and LCX branching sites were
disturbed flow patterns. Decreased shear stress and disturbed
flow pattern affected coronary artery aneurysm formation.
We previously reported that plasma concentration of mono-
cyte chemotacted protein-1 (MCP-1) and expression of the
MCP-1 gene by monocytes are significantly increased in the
acute stage of Kawasaki disease.” MCP-1 is a novel C-C chem-
okine that attracts and activates monocytes.!® Also, we have
reported that adhesion of monocytes to endothelial cells is sig-
nificantly increased in the acute stage of Kawasaki disease.!
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Table 3 Frequency and characteristics of thrombosis in aneurysms

Wall adhesive Free floating
Group Frequenc type type
Group G 24/28 (85.75) 20124 (83.3%) 4124 (16.7%)
Group A 0/44 (0%) 0/44 (0%) 0/44 (0%)
Group N 0/39 (0%) 0/39 (0%) 0/39 (0%)

Especially, it increases in low shear stress.!? Then, we specu-
late that adhered monocyte to endothelial cells could be trans-
migrated to sub-endothelial space between the endothelial
cells and changed the form and character to macrophage.
Finally, transmigrated macrophage may destruct extra-matrix
of cells and inner-bands and outer-bands, and coronary artery
aneurysm may occur. These biochemical and biomechanical
findings suggest that coronary artery aneurysms occur at major
coronary branching sites of LAD and LCX or LAD and D,
because of reduced intra-coronary shear stress and disturbed
flow pattern. It has been reported that, in adults, atherosclero-
sis initihlly occurs at coronary branching and bending sites,
where shear stress is relatively low, and low shear rates allow
more time for lipoproteins to enter the intima, and for adhe-
sion of white blood cells.* The localization of atherosclerotic
lesions to arterial geometries associated with disturbed flow
patterns suggests an important role for local hemodynamic
forces in atherogenesis.? In both these previous studies and the
present study, abnormal biomechanical forces affected both
atherogenesis and coronary artery aneurysm formation at cor-
onary branching sites.

In the present study, we found a strong negative correla-
tion between frequency of thrombus formation in coronary
artery aneurysm and both average peak velocity and shear
stress, and a strong positive correlation between the size of
coronary artery aneurysm and the frequency of thrombus
formation. Many previous studies have found that shear
stress affects thrombus formation. Decreased shear stress
leads to reduced production of prostaglandinl,” and nitric
oxide,'* resulting in increased platelet aggregation. Decreased
shear stress also increases endothelial cell tissue factor activ-
ity’* and levels of human protease-activated receptor-1
mRNA,'¢ and reduces thrombomodulin expression,!” result-
ing in elevated coagulation. Simultaneously, decreased shear
stress induces reduction of fibrinolysis by reducing pro-
duction of tissue plasminogen activator's!® and increasing
production of plasminogen activator inhibitor-1. Such a
combination of elevated platelet aggregation and coagulation
and reduced fibrinolysis would clearly promote thrombo-
genicity. Moreover, in the present study, disturbed flow pat-
tern also greatly affected thrombus formation. In the present
subjects, TT and PT/INR were maintained at acceptable val-
ues. However, almost all cases in the giant aneurysm group
exhibited thrombus formation in the coronary artery aneu-

rysm. This indicates that ordinary anticoagulant therapy has
limited effect in patients with such greatly reduced shear
stress and abnormal flow pattern. We performed urgent coro-
nary artery bypass graft in four patients with free floating
type thrombosis in giant coronary aneurysm, to prevent acute
myocardial infarction.

In the present study, we did not test the right coronary
artery. In our experience, all right coronary artery aneurysms
occur at the bending sites in segment 1. However, it is some-
what difficult to measure APV at bending sites of the right
coronary artery. It has been reported that shear stress in the
coronary artery decreases at the bending site.* The mecha-
nisms involved in left coronary artery aneurysm formation
may affect right coronary artery aneurysm formation.

Study limitations

There are methodological problems associated with measure-
ment of blood flow velocity using a Doppler guide-wire.'%2!
Some studies have found that a Doppler system can accurately
measure flow velocity in a straight tube model, but those stud-
ies were performed under non-physiological conditions. Flow
velocity may be underestimated in small-diameter vessels, due
to inability to position the wire tip far enough from the wall to
sample the central portion of the stream. Also, flow velocity
tends to be underestimated in tightly curved regions of a tortu-
ous vessel. These methodological limitations should be taken
into consideration when analyzing results obtained using a
Doppler guide-wire.

Conclusions

In patients with Kawasaki disease, coronary artery aneurysms
predominantly localize at major coronary artery branching
sites, in a manner similar to that in which atherosclerosis in
adults initially forms at branching sites. Stagnation of coro-
nary flow velocity, reduced shear stress and disturbed flow
pattern may appear to play a critical role in coronary artery
aneurysm and thrombus formation in children with Kawasaki
disease.
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