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Abstract Kawasaki disease (KD) is a pediatric vasculitis
with coronary artery aneurysms (CAA) as its main com-
plication. The diagnosis is based on the presence of
persistent fever and clinical features including exanthe-
ma, lymphadenopathy, conjunctival injection, and
changes to the mucosae and extremities. Although the
etiology remains unknown, the current consensus is that
it is likely caused by an (infectious) trigger initiating an
abnormal immune response in genetically predisposed
children. Treatment consists of high dose intravenous
immunoglobulin (IVIG) and is directed at preventing
the development of CAA. Unfortunately, 10-20% of
all patients fail to respond to IVIG and these children
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need additional anti-inflammatory treatment. Coronary
artery lesions are diagnosed by echocardiography in
the acute and subacute phases. Both absolute arterial
diameters and z-scores, adjusted for height and weight,
are used as criteria for CAA. Close monitoring of CAA
is important as ischemic symptoms or myocardial in-
farction due to thrombosis or stenosis can occur. These
complications are most likely to arise in the largest, so-
called giant CAA. Apart from the presence of CAA, it
is unclear whether KD causes an increased cardiovascu-
lar risk due to the vasculitis itself.

Conclusion: Many aspects of KD remain unknown,
although there is growing knowledge on the etiology,
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treatment, and development and classification of CAA.
Since children with previous KD are entering adulthood,
long-term follow-up is increasingly important.

What is known:

» Kawasaki disease (KD) is a pediatric vasculitis with coronary artery
damage as its main complication.

* Although KD approaches its 50th birthday since its first description,
many aspects of the disease remain poorly understood.

What is new:

* In recent years, multiple genetic candidate pathways involved in KD
have been identified, with recently promising information about the
ITPKC pathway.

* As increasing numbers of KD patients are reaching adulthood,
increasing information is available about the long-term consequences
of coronary artery damage and broader cardiovascular risk.

Keywords Kawasaki disease - Coronary artery aneurysms -
Intravenous immunoglobulins - Genetics

Abbreviations
ABCC4  ATP-binding cassette, subfamily C, member 4

AHA American Heart Association
ANGPT  Angiopoietin

CAA Coronary artery aneurysms
CABG  Coronary artery bypass grafting
CIMT Carotid intima-media thickness
cMRI Cardiac MRI

DC Dendritic cells

GWAS  Genome-wide association study
HRQOL Health-related quality of life
ITPKC  Inositol-triphosphate 3-kinase
IVIG Intravenous immunoglobulins
JSC Japanese Circulation Society

KD Kawasaki disease

NFAT Nuclear factor of activated T cells
PCA Percutaneous coronary intervention
SNP Single nucleotide polymorphism

SPE Streptococcal pyrogenic exotoxin

TGF-  Transcription growth factor beta
TIE-2 Angiopoietin receptor

TSST-1  Toxic shock syndrome toxin-1
VEGF Vascular endothelial growth factor
Introduction

Mucocutaneous lymph node syndrome is an acute vasculitis
first described by Dr. Tomisaku Kawasaki in 1967 [60]. This
condition, now known as “Kawasaki disease (KD),” is in-
creasingly recognized in Western countries but has a greatly
increased incidence in Japan and Asia. The main complication
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is coronary artery damage or coronary artery aneurysms
(CAA) and KD is the leading cause of pediatric acquired heart
disease in asset-rich countries.

Epidemiology

Kawasaki disease is commonest in infants and young chil-
dren. The incidence varies markedly between ethnic groups.
The incidence of KD in recent European studies is 5-10 per
100,000 children under the age of 5 years [45, 55, 105, 120].
A considerably higher incidence is reported in Asian countries
[14, 44]. The highest incidence is found in Japan; the most
recent nationwide survey reported an incidence of 265/
100,000 children under the age of 5 in 2012, and suggested
that the incidence of KD is still rising [78]. Most patients are
6 months to 5 years old, although cases in older children and
adults also occur [36]. The male/female ratio is approximately
1.5to 1 [120].

Diagnosis

The diagnosis of KD is based on the presence of clinical
features of persistent fever in combination with a polymor-
phous exanthema, cervical lymphadenopathy, non-purulent
conjunctival injection, changes of the lips and oral cavity (in-
cluding strawberry tongue, cracked lips, redness of the muco-
sae), and changes in extremities (swelling and redness of the
palms, desquamation in the subacute phase) [83]. In the most
recent American Heart Association (AHA) guidelines, persis-
tent fever is classified as >5 days, but in the presence of four or
more symptoms, the diagnosis can be made with only 4 days
of fever [83, 99]. “Complete” KD is defined as fever and >4
out of the 5 symptoms. It is important to appreciate that criteria
may present successively instead of simultaneously. The AHA
has created an algorithm to increase the possibility of
“incomplete” KD in case <3 criteria are present. This algo-
rithm includes CA abnormalities on echocardiography and/or
laboratory abnormalities [83]. There is no diagnostic test for
KD, and the diagnosis may be delayed or overlooked. To im-
prove diagnosis, multiple new biomarkers have been studied,
but none has so far proved specific for KD [96]. Classification
tools have been developed to aid in the differentiation between
KD and other febrile illness, although the utility as a point-of-
care diagnostic test remains unproven [46, 74].

Etiopathogenesis
Although the etiology of KD is unknown, the current consen-

sus is that it is likely caused by an (infectious) trigger initiating
an abnormal immune response in genetically predisposed
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children. An infectious etiology is suspected due to the symp-
tomatology of KD resembling common childhood infections,
once-in-a-lifetime occurrence at young age (although second
manifestations do occur), spatial and temporal clustering, and
the clear seasonal pattern in high-incidence countries [57, 78].

Infectious agents

Multiple viral infectious triggers have been suggested, includ-
ing coxsackie virus, parainfluenzavirus, respiratory syncytial
virus, human metapneumovirus, chikungunya, and cytomeg-
alovirus. In fact, two recent studies showed that up to about
half of all KD patients had one of more respiratory viruses
detected by PCR, but their etiological role is unproven [13,
128]. Also, the possibility of a respiratory RNA virus has been
suggested by ultrastructural studies of autopsy specimens
[102, 103]. However, no virus has repeatedly been confirmed
in KD studies.

Bacteria have also been suggested as the trigger of KD,
with research mainly focusing on bacterial superantigens.
Superantigens produced by several bacteria are able to stimu-
late a large percentage of T cells by binding to the V3 region
of T cell receptors and so stimulate the production of pro-
inflammatory cytokines. One study looking at five
superantigens (streptococcal pyrogenic exotoxin (SPE)-A, C,
G, and J, and toxic shock syndrome toxin-1 (TSST-1)), found
these in 70% of stool samples collected from acute KD pa-
tients as opposed to 27% in healthy controls visiting the same
center for vaccinations [117]. Another study found significant-
ly increased IgM antibodies against five superantigens (staph-
ylococcal enterotoxin A, B, and C, TSST-1, and SPE-A) [80].
Nevertheless, the role of superantigens in KD remains unclear.

Immunological response

The encounter of a susceptible individual with the unknown
agent probably leads to an (exaggerated) immune response
involving innate and adaptive pathways. Multiple studies have
been performed, both evaluating animal models and immune
response in the peripheral blood as well as immune infiltration
in the coronary arteries [52, 131].

The general paradigm of the immune response is an imbal-
ance between pro-inflammatory and anti-inflammatory path-
ways. For example, regulatory T cells, a subset of T cells
limiting inflammation, have been shown to be important in
the vascular inflammation [37]. Also, the IL-1 signaling path-
way is upregulated, with upregulated IL-1 pathway genes and
increased IL-1 concentrations in peripheral blood of KD pa-
tients during the acute phase [50, 119]. Recently, it has be-
come clear that inflammasomes, multiproteins that are part of
the innate immune system, are induced by the NLRP3 gene
and promote the production of IL-13 and IL-18, play a role in
KD [2].

In the coronary arteries, immune infiltration of the arterial
wall with neutrophils, CD8+ cytotoxic T cells, Ig-A producing
plasma cells, and macrophages have been found, accompa-
nied by pro-inflammatory cytokines which may vary in pro-
portion and contribution over time [6].

Genetics

Genetics are considered to contribute to susceptibility to KD,
and probably to CAA and response to treatment [91, 132]. A
number of genome-wide association studies (GWAS) have
been performed [7, 63, 69, 72, 92, 94, 126]. Apart from the
GWAS, multiple studies have identified specific single nucle-
otide polymorphisms (SNPs) in several genes. Most of these
candidate genes have an immune regulatory function. Table 1
shows some of the key pathways and SNPs associated with
KD susceptibility, CAA development, and intravenous immu-
noglobulin (IVIG) resistance.

In the first GWAS that resulted in a significant correlation
with susceptibility to KD, we identified the major activating
IgG receptor FcgRIla (CD32a) on immune cells and platelets,
encoded by the FCGR2A gene at the FCGR2/3 gene cluster at
chromosome 1q23 [7]. Following this study, Japanese and
Taiwanese studies also confirmed this genetic association
while at the same time characterizing CD40 and BLK, respec-
tively, as being associated with KD, as confirmed for BLK in
Caucasian KD patients in a subsequent meta-analysis [12, 72,
94]. CD40 is a protein expressed on antigen-presenting cells,
such as dendritic cells, macrophages, and B cells, and interacts
with CD40L which is primarily expressed by activated T cells
and platelets [49]. The function of FAM167A and BLK gene is
yet to be investigated. The BLK gene encodes for tyrosine
kinase, which is presumed to play a role in B cell signal trans-
duction [100].

From alternative genetic studies (non-GWAS), other path-
ways were found to be involved, such as vascular endothelial
growth factor (VEGF) and angiopoietin (ANGPT). ANGPT1
and angiopoietin receptor (TIE-2) promote cell survival and
induce anti-inflammatory signals in contrast to ANGPT2 and
TIE-2, which have a pro-inflammatory effect with VEGF act-
ing as a co-factor. Also the transcription growth factor beta
(TGF-f3) pathway may play an important role. TGF-f3 is im-
portant in T cell activation and cardiovascular remodeling.
One of the more recent and promising pathways involves the
inositol-triphosphate 3-kinase (/7PKC) gene. ITPKC expres-
sion is part of a transmembrane signaling pathway with re-
lease of Ca”* from intracellular storage [48]. Initially, nuclear
factor of activated T cells (NFAT) was suggested to be in-
volved in regulating the immune response in KD. The NFAT
pathway is calcium-dependent, and when these cytosolic pro-
teins become dephosphorylated, they translocate from the cy-
toplasm to the nucleus to initiate transcription of downstream

@ Springer



Eur J Pediatr (2017) 176:995-1009

998

X X » 695/#8C (¢ uoneorrdor) [6] Te 10 ygoNOUQ
X X » 8LE/OLY (1 woneordor) [6] Te 10 1ygoNOUQ
X X (P2YDDA) SPA SOLEE/STY (SVMD) [16] Te 30 IyonouQ
X (PTIDDA) SPK (PEIDDA) SPA 996/59 [€21] "Te 10 yonue], osouedef £/24904
X X D) A sorn 939[dwod 71| [801] Te 10 21pUoys ueadoing
X X » 0S5/19T (uoneorydar) [7/] e 10 9977
X X 0r@D) sPA «LO11/2C9 (SVMD) [zL] Te 10 0071 9SoUBMIB],
X X (0#@D) UOULIOOSSE [BUILON 695/18¢ [LL] Te 3o nog
X p0#AD) SOK 0ra@D) sPk €6v/8Ty [£9] Te 30 ony asaulyy) uey
X X » 695/t8¢C (¢ uoneorjdar) [6] Te 10 1yonouQ
X X » 8LE/OLY (1 uoneorfdar) [6] Te 10 1ygonouQ
X X (0raD) sek pOLEE/8TY (SYMD) [+6] e 10 rygonouQy
X S{T0£AD) X (70rad) oN ILY/LTY [¢6] 'Te 30 mgonouQ asoueder 0rad
X X (78) seX TST9/S0Y [¢1] e 30 Suey) ueadomg
‘(ueowreg
‘UROLIDWIY dATIBN
‘UBOLIOWTY UBOLY
‘PXIA ‘Otuedsty
X X ITg-VL9 TNV SOA oL €05 [+6] 'Te 30 gonouQ ‘uersy ‘ueadomy) §n
X X » 861/38¢C (uoneoriday) [1] '[e 10 Suey)
X X (I79) K 4009/981 (SVMD) [21] ‘e 12 Suey) ueaI0y
X (¥7g) uoneroosse JeurtuoN £6v/8¢h [LL] Te3e nog
X X » 05S/19¢ (uoneordar) [/] e 10 997
X X (Y719) oA <LOT1/TT9 (SYMD) [zL] e 00T osouemlie],
X ON ITG-VLOINVA) SPK SI8/8S¢ [o€T] e 30 uex osaury) (UeH)
X X 695/¥78¢ (z uoneorday) [t6] Te 1 yonouQ
X X » 8L€/0Ly (1 uonedrday) [16] e 10 1yonouQ VL9 INVA-YTS
X X (ITF-VLITNVH) SR 6LEE/TY (SVMD) [16] Te 1 rgonou osouedef uor3ax oS I
([onuod-ased)
uerseone)) yongg
[L1/€T1 -]onu0d pue (paseq AJiurey)
X (ZLIONY) SOA (IZdDONV) SOA ased ‘soly a)o[dwod 79y [¢] e 30 stunorg N ‘SN ‘erensny LdONV
ssurqrs 861 ‘syuared [79] (paseq Ajruey) SN
‘sased £6([ = paseq VSN “IN ‘elensny
Aqmuey ‘6zz/611 = ‘(Jonuoo-osed)
X X (#F0DgV) SPA [onuoo-ased ‘seaidipad 9g [29] Te 30 10T Juddsap ueadomngy #ODgV
(uaS) ooue)sisar
DIAIL 0} (ouesd) YD 0 (oues) @
Amqndaosng Amqndaosng 01 Aqiqndoosng S[OTU09/SaSLD PIpN[oU] Q0URIYY Ayomuyg Kemyped ojepipue)
QouB)sISaI DA pue Yuowrdoossp vy ‘Aniqndoosns oseasip yym pajeroosse skemyjed pue souoed djepipue) [ dqeL

pringer

Qs



999

Eur J Pediatr (2017) 176:995-1009

CavAs ™t
avns ‘Ty419.1
‘TEADL) SPA uSPA X LET ( 1oyoo) [601] "[e 30 nziuIyg
X uSPA X 34 (€ 10y00) [601] 'Te 30 nziuIyg
w(ETVINS
X X ‘T4GADL ‘TGADL) sou Gy (T 1oyo0) [601] '[e 30 nziuyg
X X SO 651/8C1 (1 10y02) [601] '[e 32 nziwIyg Jueosap ueadong
X (C¥94D1L) SPA (C¥94D1) SPA 00S/S0T [12] Tese 104D UBQIO]
ON ON (€QVIS) sPA 695/18€ [0L] e 30 onyf 9SoUBMIE],
mvayv
ON (CHADL) SOX ‘CAVAIS ‘TGADL) SPA 12T¥/T6€ [86] 'Te 10 Suaqd esauIy) uey
X ON (Cavms) seA €0€/501 [oz] "fe e oy osoueder Aemrped ¢-101
(ONdLD Sk (ONd.LD S°A (ONd.LD $2A S0 60T [26] '1e 30 1yonouQ SN
X X » SBurqrs €1 ‘SO 509 (uonvoyday) [19] 'Te 10 1073y
X X (ON.LD oA (01) T$T9/S0% (SvmD) [19] e 10 1oy ueadomng
X X (ONd.LD A /Sl [19] e 3 Joyy
X (OXdLI) PA +ON 695/18¢ [89] Te 30 ony
X X (ONd.LI) $°A [8L7/666 ~ PAUIQUIOD SAIPNIS PIUOHUSUW-0A0QY
ON {OMd.LI) SO (ONdLD SPA 0611/1¥€ [12] e 30 onyf
X ON (ONd.LD S2A T61/08T [€L] Terw ury
8S11/
X ON ON (son 8GT YOIYM JO) G8¢ [81] Te e D osoueMmIe],
X X (OXdLI) SPA 896/0€1 [19] 'Te 30 Joyy
ON (O3IdLD X (ONd.LD S2A 81€/€TT [L6] 'Te 10 Suad asaury)
(OMdLLD) $OA (ONd.LI) oA ONd.LD S2A LY6/9tS [s6] 'Te 10 1yonouQ
X » » TSLIL9T (¢ 105 “dapuy) [z6] 'Te 10 1yonouQ
X » » T8T/9LT (¢ 10s ~dapuy) [z6] 'Te 10 1yonouQ
X (ONdLD A ONdLD 3K W6 (1 yos ~dopuy) [z6] Te 10 TyONOUQ asuedef O3dLI
X X (VZADDA) SPA 5CSTI/SOY (SVMD) [19] e 10 10U uedadomyg
pIryo-juared
(GEADOA) PR (GE/MPTIDDA) PR (VZ¥DD:1) S2A J[3uls g/ ‘sou 96| [or11] "Te 3 epsorys
(GZIDDA) SPA X X 69€/9L1 [111] 'Te 10 etpsarys UBISBONE))
X X (VZADD) SPA 9b/8Et [19] e 30 1oy asouemIe],
X X (VZADD) SPA 896/0¢€1 [19] ‘e 10 1oy
ON ON (VZIDDA) SPA S18/8S¢€ [o€1] T8 30 uex
X ON (VZADD) SPA €61/8T [z€] Te 1o ueng osouly) (UeH)
(uog) aoue)sisax
DIAI 0 (ousd) VO 0} (oues) @1
Anqndaosng Anqqndaosng 01 Anqiqndoosng S[OTUO09/SaSLD PapN[ou] 0UIYIY Aoy Aemyped aepipue)

(ponunuod) 1 3[qeL,

pringer

Qs



Eur J Pediatr (2017) 176:995-1009

1000

(EQVNS PUB ‘CYGADL ‘CAD.L) SPUT 0211) oY) JO OB JO UONUI JSIIJ AU} 0) PIZI[LIO[0d SIN'S Y} JO AuL INq SHOYOO JUAIIYIP Ul punoy sNS I ,
UONOALI0D TUOLIJUOY I JUBOYIUSIS Paurewal NS dUo AJuQ ,

SosATeue pauIquIod Juedsop ueddoImg-uou Jo G¢T YOIYM () = Aprs Ul SOL Papnjoul [eJo],

Sunse) ajdnynur 10§ uoOALI0d Joye pareaddesip 2ouLdYIUSIS Jnq PUNO SINS OM

JUSWIZaS JUAJB[PE SAWI) G| ISBI] I8 JO IooWRIP ‘9F. JO SIBIA G JOAO UAIP[IYD Ul I0 W $< JO VYD

Q0UB)SISAI DA Pue JuswdooAdp YV 10q M UONRI0sSe AJUeoijuSIs ose sem ¢SV Ul NS © J3m UOHBUIqUIOD UI [OPOWT SNOO[-0M) <w

10100 JSI1J JO SJONU0O $9¢ uT padKouss jou NS INdLI

S[OIJU09/SASED $91//9/ S :SIqUINU Fure)s ‘jonuod Afenb 1oye sroquinN 5

(pourquuioo ueIsy pue ofyAY) sdnors orud [ ur uode) JUedHIUSIS A[UQ

L6EE/LY sloquinu unre)s ‘Jonuod Ajpenb 1aye sequin

sjuoned (I3 Ul uoneuLIo) Ty 10§ s10940 dAn0aj01d sey ¢80 18HSI,

sjuoned o[ew) Ul Jou ‘S|ONU0d YIM PUE (S6] = ) YD Inoyim sjudned sewr ypim paredwod (86 = ) Yy [im sjudned ofewl Ua9mIoq SUIIIP JULdYIUTIS
009/2T ‘s1quInu SunJe)s qonuod Ajenb foye sioquiny o

S111/LT9 :Sloqunu Sunae)s onuod Ajfenb 1oye soquinN ,

J10J0B} YIMOIS [I[OYIOPUS JB[NOSLA JDFA ‘SOIeIS Pau() SN2
‘wop3ury] papun /) €10q J0joe} pmord Suruojsuen) g-,70,7 ‘wsiydiowAjod oproajonu 9[Suls NS ‘SPUBHIOUIAN TN ‘OSeasIp Djesemey] (7y ‘UI[Nqo[Sountuuul SnoudAenul HyA7 O oseury deydsoydin
-[ousour DY ‘Apnis uoneroosse dpim-owouds Symo ‘103dodar ewwed 04 yH)H4 ‘wsAmaue A1oue Areuolod vy ‘unsodoiSue JJONY ‘v Joquiaw ) A[urejqns ‘0pessed Surpuiq-dIv FO0gV

X ON (IDHA) SO 00€/0L1 [7] T 19 stunorg ueIseone)) Yo
(Jo1u09-3sed)
ueiseone)) yong

ILT/€TT :]oNU0d 358D ‘(paseq Aqruuey)
X (CYADHA) SOA (VIDHA) SOA sotn 2j[dwod 79y [S] “Te 30 stunaig 3N SN elensny
X X (IDFA) SOA 96/€6 [16] "Te 0 yonsH 9SOUBMIB],
X (4AY 4DFA) A X pr1/€01 [8¢] 'Te 30 ouozeArrexy asouedef ADFA
(uog) aoue)sisax
DIAI 0} (oud3) VD 0} (ouas) @
Anqndaosng Anqqndaosng 01 Anqiqndoosng S[OTUO09/SaSLD PapN[ou] 0UIYIY Aoy Aemyped aepipue)

(ponunuod) 1 3[qeL,

pringer

Qs



Eur J Pediatr (2017) 176:995-1009

1001

target genes including for cytokines such as IL-2, IL-10, and
[FNy. Stimulation of T lymphocytes accommodates the re-
lease of inositol-triphosphate (IP3), which increases intracel-
lular Ca®* through the endoplasmic reticulum (Fig. 1). ITPKC
serves as a negative regulator of the Ca**/NFAT pathway
and—at the same time—is also believed to act as a key second
messenger in T cell receptor signaling. This would make
ITPKC responsible for a greater and more prolonged expan-
sion of inflammation, thus creating an increased risk of KD
and/or leading to disease severity [76]. Alphonse et al. sug-
gested that the role of /TPKC is not T cell-mediated but more

\P3R
GRP75

DAC1

™0 &

®
@,
¢ ITPKC

%

(e

-

®

NFAT
% transcription 5 Nucleus
%, cytokines /i
o

b

Fig. 1 The role of IP3 and ITPKC in calcium signaling. (a) ITPKC
phosphorylates IP3 to IP4 and modulates the abundance of IP3 and
influences the calcium signaling. (b) Nuclear factor of activated T cells
(NFAT) are regulated by calcium signaling and enter the nucleus when
dephosphorylated, there it activates cytokine transcription namely IL-2,
IFNy in T cells and Pro-IL1, IL-10, Pro-IL18 in macrophages. Footnote:
Inositol triphosphate receptor (/P3R) forms a bridge between the
endoplasmatic reticulum (£R) and mitochondria creating a site of
contact between the ER and mitochondria called the mitochondria-
associated ER membrane (MAM). NLRP3 is an inflammasome that
forms at or close to the MAM upon cellular activation and ER stress

monocyte/macrophage-dependent in its impact [2]. They
showed that /TPKC influences NLRP3 activation through in-
tracellular calcium levels leading to an increased IL-13 and
IL-18 production. Khor et al. performed a global meta-
analysis of SNP rs28493229 in ITPKC of all performed stud-
ies, including GWAS data, showing strong evidence for asso-
ciation with KD (p = 8.28 x 1072%) [61].

Other pathways and candidate genes have, sometimes in-
consistently, been implicated including ATP-binding cassette,
subfamily C, member 4 (ABCC4), interleukin-4, interleukin-
10 and interleukin-18, chemokine receptors, tumor necrosis

—ER

—MAM

— Mitochondria

and plays a pivotal role (by activating caspase-1) in the cleavage of pro-
IL1b into IL1b and its subsequent secretion. The ER releases calcium into
the cytosol and into mitochondria through (a.o.) the IP3R, which is a
calcium channel, to which IP3 as an agonist binds to induce calcium
release. IP3R binds via glucose-regulated protein 75 (GRP75) with the
mitochondrial voltage-dependent anion channel 1 (VDAC!) which may
cause mitochondrial stress and leakage off reactive oxygen species
(ROS), both important for inflammasome activation. Macrophages acti-
vate via their Toll-like receptors (TLRs) or G-protein coupled receptors
several signaling pathways, that result in IP3 formation, NF-kB activa-
tion, and/or ER stress.
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factor-o and, even more variably, different regions of the hu-
man leukocyte antigen (HLA) region.

Treatment

The current treatment for KD is a high dose of 2 g/kg IVIG,
given over 8—12 h [86]. The main goal of treatment is preven-
tion of the development of CAA. Hypothesis on the mecha-
nisms of efficacy of IVIG include immune modulation of T
regulatory cells, neutralization of the etiologic agent, and re-
duction of cytokine production [8]. Treatment with IVIG sig-
nificantly reduces the incidence of CAA [124]. IVIG is pref-
erably given within the first 10 days after disease onset [83].
Apart from IVIG, high-dose aspirin is advised by the AHA,
although evidence for further risk reduction for CAA is lack-
ing [34, 124].

Adjunctive use of treatment

The majority of patients respond rapidly to IVIG, yet approx-
imately 10-20% of all patients do not respond or have recur-
rent fever within 3648 h after IVIG. These children have a
higher risk of developing CAA [53]. In Japan, risk-scores
have been developed to identify patients with a higher risk
of IVIG resistance [35, 66, 106]. Unfortunately, these risk-
scores do not perform adequately in Western, ethnically
mixed, and in Chinese populations [24, 75, 104, 112, 115].
A possible method to decrease IVIG resistance is to intensify
the initial treatment. A recent meta-analysis showed a benefi-
cial effect of adding corticosteroids to the initial treatment
with IVIG, yet this effect was only found in Japanese studies
and not in two studies conducted in the USA [16]. Burns et al.
showed that adding infliximab to initial IVIG treatment did
not decrease treatment resistance but did decrease the number
of days with fever and inflammation parameters 24 h after
treatment [125].

Rescue treatment following IVIG non-response

Children who do not respond to IVIG require additional anti-
inflammatory treatment. A second dose of IVIG is commonly
advised, particularly in patients who have partially responded.
Furthermore, corticosteroids are still commonly advised. The
above-mentioned meta-analyses showed no significant benefit
for either of these approaches when used as rescue treatment
[16]. In 2012, we published the first case report successfully
using the IL-1 antagonist anakinra for refractory KD [22].
Since then, additional clinical trials have been instigated to
investigate both efficacy and safety of this IL-1 inhibitor [9].
Other secondary treatment possibilities are infliximab (TNF-&
inhibitor), cyclosporine (calcineurin inhibitor), and statins, yet
efficacy remains to be investigated [10].

@ Springer

Additional treatment

After normalization of temperature, the AHA advises ongoing
aspirin in a low dose until no evidence of CA dilation are
present at by 4 to 6 weeks after the acute illness [83]. If
CAA are present and persisting around that time, aspirin is
continued as anti-thrombotic therapy. In case of large (around
a z-score >10) or complex abnormalities, additional
anticoagulation therapy should be administered to prevent
clotting due to turbulence in these pro-coagulatory large cor-
onary artery lesions [83, 87].

Coronary artery aneurysms

Multiple criteria have been used for diagnosis of CAA. The
criteria of the Japanese Circulation Society (JSC) state that an
aneurysm is an artery of >3 mm in a child under the age of 5
and an artery of >4 mm in a child >5 years or when an arterial
segment is 1.5 times its adjacent segment [31]. A giant CAA is
classified as >8 mm or >4 times its adjacent segment [42].
Conversely, over the past years, it has become clear that z-
scores, diameters adjusted for basal-surface-area, may be bet-
ter indication of abnormality [25]. Multiple z-score classifica-
tions exist [23, 79, 82, 90]. Unfortunately, the z-scores using
different classifications can vary, mainly at larger dimensions
[101]. The threshold for abnormality is a z-score >2.5, al-
though a z-score between 2 and 2.5 can be classified as a
dilation [83]. A small-sized CAA has a z-score of 2.5-5, a
medium-sized CAA of 5-10, and a giant CAA of >10 [79].

Risk factors for CAA have been inconsistently reported but
include a male gender, a young age (<1 year), an incomplete
disease presentation, IVIG resistance, and the duration of fe-
ver [43, 64, 113, 114].

Imaging of CAA

Multiple imaging techniques exist for the follow-up of pa-
tients after KD and in particular children with CAA.
Echocardiography is a non-invasive method to image the cor-
onary arteries, used in the acute phase of KD as well as during
follow-up. With this non-invasive method, it is possible to
evaluate the anatomy of the coronary arteries, myocardial
function, and valve abnormalities. Nevertheless, it is impossi-
ble to visualize the distal coronary arteries with echocardiog-
raphy. The gold standard for coronary anatomy is a conven-
tional angiography, though this technique is invasive and ex-
poses the patient to radiation. The role of cardiac MRI (cMRI)
has been established over the past years [81, 122]. Using this
modality, evaluation of the anatomy as well as cardiac func-
tion is possible. The disadvantage of cMRI is the need for
anesthesia in younger children. CT angiography is an alterna-
tive. Although conventional CT angiography carries a high
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burden of radiation exposure, the new low-radiation dose CT
scanning machines are becoming more widely available,
which decreases the radiation burden significantly showing
good resolution capacity in a small study [33]. In Fig. 2, a
MRI and CT image of a normal and a giant CAA are depicted.

Fig. 2 Imaging techniques used for Kawasaki disease. a, b, d, e display
coronaries of the same patient with different imaging techniques. a
Curved multi-planar reformat of the coronary computed tomography an-
giography (cCTA) scan shows an aneurysm of the right coronary artery. b
A giant aneurysm of the left anterior descending artery. ¢ A normal left
anterior descending artery. d Thin slab maximum intensity projection of
the aneurysmatic proximal right coronary artery and left anterior descend-
ing artery. e A clearly depicted giant aneurysm of the left anterior de-
scending artery, visualized with coronary angiography

The AHA and JCS have both published guidelines on the
follow-up of patients after KD [42, 83]. Recently, we pro-
posed a pathway to follow-up patients after KD based on the
worst-ever z-score [28]. This pathway includes a cMRI (with
or without adenosine stress testing according to the CAA sta-
tus) during adolescence for all patients to visualize the com-
plete coronary tree and a more intensive follow-up for patients
with CAA (Fig. 3).

Natural history of CAA

Many CAA regress to a normal-sized lumen, mainly within
the first 5 years. The likelihood of regression seems to be
highly dependent on the original CAA size [19, 38]. While
the lumen diameter may return to normal, it has become ap-
parent that the vascular wall is often still damaged. Studies
have shown persistent impaired dilation upon increased cardi-
ac demand [39]. Also, changes in the coronary artery wall
structure are seen, such as intimal hyperplasia [30, 54]. The
remodeling of the coronary wall can cause potentially life-
threatening situations as was shown by a case series of three
adult patients who were released from follow-up care after
normalization of the lumen but presented with chronic heart
failure, unstable angina, and acute myocardial infarction [41].

Consequences of CAA

(Giant) CAA may have serious long-term consequences.
Apart from thrombosis within the CAA and perfusion abnor-
malities after the CAA, there is an increased risk of stenosis
just proximal or distal to the CAA [59].

In a large study of 245 Japanese patients with giant CAA
(>8 mm), Tsuda et al. found 10-, 20-, and 30-year event-free
survival rates of 64, 48, and 36%, respectively [127]. Fifteen
patients died during follow-up. In another study of 76 Asian
patients with giant CAA (>8 mm), 10-, 20-, and 30-year sur-
vival rates of 95, 88, and 88% were reported [116]. In a recent
study by Friedman et al., 21 major adverse cardiac events
(MACE) took place in 90 patients with giant CAA at diagno-
sis (z-score >10) [38]. This indicates that patients with giant
CAA are at considerable risk for MACE and risk continues to
exist years after the acute phase of KD.

The risk for patients with small-medium-sized CAA is less
clear. In a study by Chih et al., only 1/51 patients with
medium-sized CAA (>4-8 mm) experienced ischemia during
a median follow-up time of 47 months, although an additional
8 patients had stenosis and 4 patients developed calcification
[19]. No patients with small-sized (localized dilatation with
<4 mm diameter) CAA experienced MI. In the study by
Friedman et al., no patients with small- (z-score 2.5-5) or
medium-sized CAA (z-score 5-10) experienced any MACE.
However, longer term studies will be needed to establish the
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Fig. 3 Flow diagram of the monitoring of Kawasaki disease using
different imaging modalities. Footnote: Originally published in: Insights
into imaging: Dietz SM, Tacke CEA, Kuipers IM, Wiegman A, de Winter
RJ, Burns RC, Gordon RB, Groenink M, Kuijpers TW, Cardiovascular
imaging in children and adults following Kawasaki disease, Insights into
Imaging, 2015;6:697 (adapted version). *“When information is lacking
about coronary arterial aneurysms (CAA) status, calcium score may be

long-term event rate in patients with small- or medium-sized
CAA.

In patients with persisting CAA, calcifications are likely to
develop as shown by a recent study looking at CT calcium
scoring [56]. The data suggested this only occurs from ap-
proximately 10 years onwards following KD.

If thrombosis, stenosis, or abnormal blood flow in the CAA
leads to a cardiac event or signs of ischemia, KD patients may
need cardiac intervention. Thrombolytic treatment has been
reported to be effective in treating fresh thrombus within giant
CAA and in emergency management of ischemia due to
thrombus [47].

Percutaneous coronary intervention (PCI) or coronary ar-
tery bypass grafting (CABG) can be used to revascularize the
artery when stenotic lesions are present. CABG is used more
often in multi-vessel disease. Percutaneous transluminal an-
gioplasty may be complicated by the need of high balloon
pressures in patients who have already developed calcification
[1]. Two studies evaluating the difference between these two
methods found that reinterventions were significantly higher
in the PCI group [29, 84].

Available data are scarce on risk during pregnancy for
women after KD. In a case series including 10 women who
delivered 21 babies, none of the women experienced cardio-
vascular complications during pregnancy, including 4 women
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with CAA, MI, and CABG in the past [40]. In a following
comprehensive review, 56 women with 81 deliveries were
described and cardiovascular complications were reported in
7 cases, including 2 MIs during pregnancy [40].

Longer term studies will be needed to define the long term
risk of CAA. However, the significant proportion of patients
developing thrombosis within giant CAA, or suffering ische-
mic events due to stenosis, suggests that all patients with sig-
nificant aneurysms following KD need life time follow-up and
are at risk of cardiac complications long term.

General cardiovascular risk

Apart from the increased cardiovascular risk due to persisting
or regressed CAA, it is uncertain whether the vasculitis itself
causes an increased cardiovascular or atherosclerotic risk at a
later age. As most patients have not been followed long
enough to evaluate the long-term natural course of the disease,
multiple studies have focused on the use of surrogate markers
for cardiovascular disease such as flow-mediated dilation,
stiffness index, and carotid intima-media thickness (cIMT)
[17, 89, 107]. Two reviews showed that most of these studies
are small, lacking quality and there was significantly hetero-
geneity between studies [15, 27]. Nevertheless, results
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suggested that surrogate markers were increased in CAA-
positive but not in CAA-negative patients. In a follow-up
study evaluating cIMT, we found that patients with giant
CAA have a trend towards an increased cIMT at a later age,
whereas in children without any coronary artery enlargement,
their cIMT was initially increased but normalized to control
values over time [26]. The results suggest that long-term ef-
fects of KD are not caused by atherosclerosis, as one would
expect the differences in cIMT to increase compared with
control measurements. This is in concordance with a postmor-
tem study in which multiple growth factors were seen in the
smooth muscle cells and intima layer of the coronary arteries,
but no fatty streaks as seen atherosclerosis, distinguishing
“KD vasculopathy” from atherosclerosis [118].

Quality of life and behavior

Multiple studies have investigated the cognitive and behavior-
al outcome after KD. Baker et al. studied 110 KD children,
and found similar psychosocial and physical summary scores
as an US population sample using a parent-completed ques-
tionnaire [3]. Only patients with giant CAA had a lower mean
physical score. Parents did however report lower health per-
ception. King et al. studied 38 KD patients and found no effect
on cognitive or academic performance, but parents rated their
children as having more internalizing and attentional behavior
problems than controls [65]. Carlton-Conway et al. found that
40% of their patients showed internalizing scores in the clin-
ical range as reported by parents, which was significantly
more than their hospital controls who stayed in the hospital
for a short period and had undergone cardiac catheterization
[11]. Nishad et al. found no difference in social adaption,
cognitive function, and behavioral function in 20 children
[88]. Muta et al. studied 250 adolescents and young adults,
including 19 patients with giant CAA and found significantly
higher health-related quality of life (HRQOL) scores com-
pared to national norms [85]. Two studies from our center
showed significantly lower scores on several HRQOL scales
in children under 5, when reported by their parents. However,
self-report by the older KD children did not show any signif-
icant difference with controls. Moreover, parental perceptions
of child vulnerability were significantly increased when com-
pared to reference groups of Dutch parents [121, 129].

Conclusion

Although many aspects of KD are still unknown, there is
increasing knowledge on the origin and treatment of KD as
well as the development and classification of CAA. Since
children with previous KD are entering adulthood, long-term

follow-up, with appropriate imaging modalities and aware-
ness of the long-term effects, is increasingly important.
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