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Abstract

Background—Kawasaki disease (KD) is the most common acquired heart disease in children of 

the developed world, and triggers progressive coronary artery lesions (CAL) in 30% of cases if left 

untreated. Despite standard anti-inflammatory treatment for KD, CAL (dilation or aneurysm) still 

occurs in 5–10% of children, increasing their risk for fatal coronary artery complications. CAL is 

mediated by enhanced matrix metalloproteinase activity and elastin breakdown induced by the 

inflammatory process in the coronary artery wall. Doxycycline is an effective inhibitor of matrix 

metalloproteinases, and has been shown to reduce elastin breakdown and CAL in a mouse model 

of KD, but has not been evaluated in patients.

Objective—We aim to evaluate the efficacy of doxycycline in the prevention of CAL in children 

during the acute phase of KD.

Design—This is a phase II prospective, randomized, double-blinded, clinical trial in two steps. In 

Step 1, any child older than 1 month with the diagnosis of KD will be included. Children with KD 

will be included in Step 2 if they develop coronary artery dilation (z-score ≥ 2.5) within 20 days 

from the onset of fever. Study subjects in Step 2 will be randomized to receive a 3-week course of 

doxycycline or placebo.
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Evaluation—The efficacy of a 3-week doxycycline course during the acute phase of KD will be 

evaluated by measuring the decline in coronary artery z-scores from baseline with doxycycline 

treatment compared to placebo.

Clinical trial registration—This study was registered on clinicaltrials.gov (NCT01917721).

Introduction

Kawasaki disease (KD) is a multisystem vasculitis that affects the coronary arteries of young 

children (1). It is the leading cause of acquired heart disease in children in the developed 

world (2). Even though the systemic inflammation in KD will resolve without any treatment, 

the associated vasculitis may result in irreversible damage of the coronary arteries, which 

can lead to the major sequel of KD: coronary artery dilation or aneurysm (4, 5). In the 

absence of treatment, about 25–30% of children with KD will develop irreversible coronary 

artery dilation or small aneurysm (6). Even following current standard therapeutic guidelines 

with standard intravenous gamma globulin (IVIG) treatment, about 30% of children may 

have transient coronary artery dilation, and 5–10% of children may still develops permanent 

coronary artery lesions including aneurysms (7). Dilated coronary arteries and coronary 

aneurysms increase the short-term risk of thrombosis, myocardial infarction and may even 

lead to death. Permanent coronary arterial wall damage can also contribute to long-term 

complications, such as coronary artery stenosis and ischemic heart disease (4, 5, 8, 9).

Coronary artery lesions (CAL), meaning dilation or aneurysm, are the result of inflammation 

and secondary destruction of the coronary vessel wall (10). In KD, the immune system, 

triggered by a so far unknown extrinsic factor, induces inflammation of the coronary arteries, 

macrophage and lymphocyte activation (11, 12), and degradation of certain extracellular 

matrix elements, such as elastin, collagen and laminin (13). These extracellular matrix 

elements are targets of matrix metalloproteinases (MMPs), which have increased activity in 

the coronary arteries and blood during the acute phase of KD (14, 15, 16). The degree of 

MMP-9 activity in the coronary arteries correlates with the development of CAL in a mouse 

model of KD (17), and there is evidence that circulating pro-MMP-9 and MMP-9 levels (16, 

18, 19) are increased during the acute phase of KD in children, correlating with the degree of 

inflammation and the occurrence of CAL. In summary, MMPs may trigger the degradation 

of elastin and other matrix elements, and could play an important role in the development of 

CAL in the acute phase of KD.

Among the known inhibitors of MMPs, doxycycline has been studied extensively due to its 

long established use and safety (20). Doxycycline has been shown to block MMP activity 

(21), decrease elastin breakdown in aortic aneurysms (22), and inhibit progressive vessel 

dilation by inhibiting proteolysis (23). In vivo administration of doxycycline to mice with a 

model of KD reduces degradation of elastin, and prevents coronary artery dilation (24). 

However, the efficacy of doxycycline in preventing CAL has not yet been evaluated in 

children with KD. We propose a prospective, randomized, placebo-controlled, double-blind 

phase II clinical trial to assess the efficacy of a 3-week doxycycline treatment in the 

prevention of progressive dilation of the coronary arteries in children during the acute phase 

of KD.
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Rationale and objective

There is no specific therapy available to prevent the progression of coronary artery dilation 

or aneurysm formation in children with KD. Doxycycline is presently not used in children 

with KD, in part due to the paucity of appropriate clinical studies of efficacy. Based on the in 

vitro and in vivo evidence, MMP inhibition by doxycycline may reduce the degradation of 

elastin and prevent progression of CAL during the acute inflammatory phase of KD. The 

primary objective of the study is to evaluate the efficacy of doxycycline in preventing the 

progressive dilation of coronary arteries during the acute phase of KD in children.

Methods

Study Design

This is a Phase II prospective randomized placebo-controlled double-blinded clinical trial 

conducted in children ages 1 month to 18 years. There will be two steps of enrollment in the 

trial: all children with KD will be eligible to be enrolled in Step 1, and children with KD and 

coronary artery dilation will be eligible to be enrolled in Step 2. Only study subjects in Step 

2 (i.e. children with KD and coronary artery dilation) will receive the proposed intervention: 

doxycycline or placebo (Figure 1).

Study Population

The study population will consist of children, ages 1 month to 18 years, hospitalized with 

the diagnosis of acute KD. Regardless of gender and ethnic background, every child will be 

included in Step 1 of the study if they meet the inclusion criterion for the diagnosis of KD. 

All study subjects will have an echocardiogram as part of the standard KD diagnostic 

protocol, as per international guidelines (8). Study subjects will be stratified depending on 

their echocardiogram results: study subjects lacking clearly enlarged coronary arteries 

(coronary artery diameter z-scores < 2.5) will participate only in Step 1, and study subjects 

with the presence of coronary artery dilation or aneurysm (i.e., coronary artery diameter z-

score ≥ 2.5 during the first 3 weeks of the illness from the onset of fever) will participate in 

Step 1 and be eligible to participate in Step 2 part of the study. Study subjects in Step 2 

(children with KD and coronary artery dilation) will be assigned to one of the two treatment 

arms: doxycycline treatment or placebo treatment (Figure 1). The assignment will follow a 

predetermined randomization key. Since gender may influence the outcome, we will 

randomize patients stratified by gender. The clinicians, caregivers and collaborators except 

pharmacists will be blinded to the treatment. The complete list of inclusion and exclusion 

criteria is listed in Table 1. Based on our previous experience, the vast majority of patients 

will be between 6 months and 5 years of age. Since KD is more prevalent in children of 

Asian descent, we will expect to see more children enrolled with Asian ethnicity.

Study interventions

Study subjects in Step 2 (i.e. children with KD and coronary artery dilation) will be 

randomized into two arms: treatment arm and placebo arm. The treatment arm will receive 

doxycycline treatment as an intervention, the placebo arm will receive placebo. All other 

diagnostic and therapeutic procedures are intended to be the same for the two arms. The 
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randomization assignment will follow a predetermined block randomization key. The 

randomization key will be only available to the study pharmacist, all other participants will 

be blinded. To prevent potential randomization imbalances arising from gender distribution 

or age in the randomized arms, we will use stratified randomization method by gender and 

age separating study subjects below and above 1 year of age. In addition, the final statistical 

analysis will consider and address possible imbalances in the randomized arms given the 

rather small number of subjects participating in this pilot study.

Intervention: doxycycline treatment—Study subjects in the drug treatment arm will be 

administered doxycycline for three weeks. The doxycycline treatment will be initiated as 

soon as the patient fulfills the inclusion criteria: documented coronary artery dilation 

detected by echocardiogram. The initiation of study drug therefore will almost always fall 

into the first few days of hospitalization for KD, because CAL occur during the acute phase 

of KD, most likely within the first 2 weeks from the onset of fever. We determined the 3 

week duration of doxycycline treatment based on the timing of acute inflammation in KD 

and the safety profile of doxycycline. Subjects will receive the previously established 

standard anti-infective pediatric doxycycline treatment dose of 4.4 mg/kg/day divided twice 

a day (20). Study subjects will have a physical examination and standard laboratory testing 

as part of their hospitalization for KD. Patients with a known allergy to sulfa drugs or 

tetracycline or a history of renal dysfunction (indicated by elevated creatinine level) will be 

excluded from the study. As >45% of patients with acute KD have transient elevation in liver 

function tests, we will exclude only those with bilirubin, transaminase or GGT over five 

times the upper limit of normative age appropriate values. Doxycycline will be administered 

in solution format. Parents and study subjects will be educated about the potential side 

effects of the study drugs (doxycycline). In case of any adverse reaction or side effect related 

to the study drugs (doxycycline), the study drug will be discontinued, the study subject will 

be evaluated in a timely manner and potential adverse effects will be addressed and treated 

by appropriate medical professionals. If any evidence of liver or kidney dysfunction 

(evidenced by elevated liver enzymes or serum creatinine as mentioned above) or an allergic 

reaction emerges, study drug will be stopped immediately.

Intervention: placebo administration—In the control arm of the study, placebo will be 

administered. The timing, amount and duration of placebo administration will be exactly the 

same as the active study drug. The placebo will be prepared by an established 

pharmaceutical company and will contain sugar solution (syrup). A dedicated Research 

Pharmacist will prepare the placebo similar to the doxycycline. In case of an allergic 

reaction to the placebo, the study drug will be discontinued immediately and the study 

subject evaluated by medical professionals.

Data collection

The following data will be collected from all participating study subjects: demographics 

(age, gender, ethnicity) and clinical measurements including height, weight, body surface 

area, and vital signs on admission, at the time of echocardiogram, maximum temperature 

measured by tympanic digital thermometer, duration of fever; duration of hospital stay; 

medications administered; standard laboratory data (comprehensive metabolic panel, 

Bratincsak et al. Page 4

Contemp Clin Trials. Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



complete blood count, C-reactive protein, erythrocyte sedimentation rate); echocardiogram 

measurements (diameter of the coronary arteries, left ventricle dimensions). Coronary artery 

diameters will be measured at the proximal segment of the right coronary artery and the left 

anterior descending coronary artery according to established standards (26). Z-scores will be 

calculated from the coronary artery measurements based on the body surface area according 

to established normative standards (26). In addition to the above, serum samples will be 

collected from study subjects in order to evaluate potential biomarkers of CAL. We will use 

a tiered approach that includes a global proteomic screen, evaluation of previously 

established markers, and confirmation of specific candidate proteins. Among the candidate 

proteins we will include acute phase inflammatory markers, interleukins, elastin degradation 

products, matrix metalloproteinases, tissue inhibitors of matrix metalloproteinases and 

markers associated with cardiac and coronary artery inflammation. Some of these markers 

are elevated in the serum of children during the acute phase of KD, while others are 

associated with coronary artery damage in animal models. We will assess the correlation of 

serum concentration of candidate proteins with the degree of coronary artery dilation and the 

response to doxycycline. Data will be collected at 4 time points (#1: at the time of diagnosis; 

#2: 7–14 days after diagnosis; #3: 3–6 weeks after diagnosis; and #4: 8–16 weeks after 

diagnosis, i.e. in the convalescent phase) aligned to the standard diagnostic and treatment 

protocol for children with KD.

Primary and important secondary outcome measures

The primary endpoint of the study is the absolute change in coronary artery diameter z-score 

(standard deviation scoring measure based to established standards using body surface area) 

from time point 1 (acute phase, day of diagnosis of CAL) to time point 4 (convalescent 

phase, 8–16 weeks after the diagnosis of KD) in response to doxycycline treatment 

compared to placebo. We will follow measurements of a single coronary artery in each study 

subject (proximal segment of the right coronary artery OR left anterior descending coronary 

artery) depending on the largest initial dilation.

Important secondary endpoints are: 1) absolute change in coronary artery diameter z-score 

from time point 1 (acute phase) to time point 2 (early treatment phase, 1–2 weeks after 

diagnosis, within 7–10 days of study drug treatment) in response to doxycycline treatment 

compared to placebo; 2) relative change of coronary artery diameter z-score from time point 

1 to time points 2 and 4 in response to doxycycline treatment; 3) ratio of subjects with 

normalized coronary artery diameter z-score by time point 4 (convalescent phase) in 

response to doxycycline treatment.

Drug safety and ethical aspects

The Food and Drug Administration (FDA) warns clinicians that doxycycline may cause 

tooth discoloration if used under the age of 8 years. Study subjects in this trial will receive 

only a 3-week course of doxycycline. This will ensure minimal cumulative dental side 

effect. We have conducted a systematic review of the literature to investigate the potential 

side effects of doxycycline treatment in children. An independent retrospective study 

including 140 children treated with doxycycline showed that the degree of tooth 

discoloration was not universal and it correlated with the length of treatment (30). In 
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children with a single course of no more than 3 weeks of doxycycline treatment, none of the 

children had notable discoloration (30). Only prolonged (more than 5 weeks) or repetitive 

(twice or more) administration of doxycycline resulted in noticeable discoloration. After 

presenting a comprehensive review to the FDA, an Investigational New Drug (IND #118690) 

approval for doxycycline in KD was awarded to our investigators, allowing a single course 

(less than 5 weeks) of treatment in children of any age. In view of the above evidence, we 

will use a single course of treatment for 3 weeks, and will exclude subjects under the age of 

8 years, who received prior tetracycline treatment.

Due to the potential side effect of dental discoloration, we will continue to collect dental 

data from study subjects even after completing study participation and treatment with 

doxycycline. Development of permanent teeth starts at 5 months of age and the crown 

development of incisors and premolars conclude by 6 years of age, but some of these teeth 

will be visible only by 13–14 years of age. Since all patients with KD follow up at the KD 

clinic as part of a standard protocol until they are 18 years old (patients with CAL follow up 

annually, patients without CAL follow up every 3–5 years with a final visit at 18 years), all 

study subjects will be followed at Kapiolani Medical Center for Women & Children long 

enough that their permanent teeth can be evaluated for dental discoloration. We will inform 

parents in the consent about the possibility of tooth discoloration, and will obtain data from 

their annual routine dental appointments. In addition, dental discoloration of every subject 

will be assessed by a dentist using a dental discoloration assessment card and established 

scoring system (29, 30). Dental discoloration will be recorded for all study subjects and 

results will be reported to all regulatory bodies.

This research study has been reviewed and approved by the Western Institutional Review 

Board (IRB protocol # 20131197). Written informed consent will be obtained from parents 

or legal guardians prior to study participation, and written assent will be obtained from 

children when appropriate. The study monitoring will strictly follow FDA/IND and IRB 

guidelines. This study has been registered on clinicaltrials.gov (NCT01917721) and the 

record has been updated in accordance with clinicaltrials.gov guidelines.

A Data Safety Monitoring Board (DSMB) will be formed by members not included in this 

clinical trial to oversee the conduct of the clinical trial. In addition to the DSMB, a trained 

monitor from Hawai‘i Pacific Health Research Institute will conduct routine monitoring of 

this study to ensure compliance with all regulatory requirements and accuracy of study data. 

The study monitoring will strictly follow FDA/IND and IRB guidelines.

Statistical Design and Power

We have conducted a preliminary study enrolling 10 subjects in Step 2, randomizing them to 

doxycycline (n=5) and placebo (n=5) treatment arms. We have evaluated the coronary artery 

diameter in these 10 children and detected a trend suggesting reduction of coronary artery 

dilation in the doxycycline group compared to placebo. Based on our preliminary results, 

accounting for the primary endpoint of absolute change in coronary artery diameter z-score 

from time point 1 (acute phase, day of diagnosis of CAL) to time point 4, a power 

calculation shows that we will need 17 study subjects per group (total of 34 subjects) to 

achieve 80% power to detect an effect size of 1.0 z-score (based on the absolute change in 
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average z-scores) using a two-sided two sample t-test. These initial 10 study subjects used 

for the power calculation will be excluded from the prospective trial and the final analysis.

Statistical analysis

Descriptive statistics will be used to summarize demographic and clinical characteristics of 

study subjects. To explore the effect of randomization, first, we will compare characteristics 

between treatment arms using Chi-squared tests or Fisher’s exact test for categorical 

variables and two-sample t-tests or Mann-Whitney test for continuous variables. Selection 

bias will be prevented by the prospective nature of the trial and the allowance of study 

participation regardless of any other criteria except for the diagnosis of KD. Allocation bias 

will be prevented by the double-blinded randomization of the trial and predetermined 

stratified block randomization key. Potential imbalances in randomization despite the 

stratified approach will be accounted for at the final analysis.

Analysis will be implemented based on intent-to-treat (ITT) principle. For primary objective, 

the absolute diameter and relative change in diameter will be compared prior to and after 

doxycycline treatment, using two-sample t test or Wilcoxon signed ranks test.

If any characteristics are significantly imbalanced, we will perform analysis of covariance to 

adjust for the imbalance in randomization. Additional covariates that describe demographic 

and health characteristics and other covariates such as medication will be included if they 

have a bivariate association with the outcome (p-value ≤ 0.10). The assumptions of linear 

model will be tested. For example, normality will be explored using graphical (e.g., Q-Q 

plot, histogram) and statistical (e.g., Kolmogorov-Smirnov test) methods. If normality is 

violated, we will try to transform using box-cox transformation or use a generalized linear 

model with appropriate link (e.g. log). In addition, to address the effect of doxycycline over 

time, a longitudinal analysis will be implemented using a growth curve model which allows 

us to have different intercepts (i.e., baseline z-score) as well as linear (i.e., linear rate of z-

score change over time) and quadratic aspects of change (i.e., non-linear rate of z-score 

change).

The results of this pivotal phase II pivotal study will provide critical preliminary information 

to power a larger multi-center clinical trial if necessary.

Preliminary results

A pilot study obtained for power analysis included 10 study subjects randomized to the 

doxycycline arm (n=5) and the placebo arm (n=5). In our preliminary study, doxycycline 

was efficacious in preventing the progression of CAL (Figure 2), and may have contributed 

to decrease in CAL as evaluated by echocardiogram (Figure 3). This pilot trial served for our 

power calculation guiding the enrollment goals of this Phase II clinical trial.

Discussion

If KD did not cause CAL, it would be just another self-limited febrile illness in children. 

The problem is that there is no therapy available to prevent the progression of coronary 
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artery dilation and aneurysm formation in children with KD. There is no specific test that 

can detect KD and besides echocardiography, there are no laboratory tests that would 

indicate potential coronary artery damage in KD. Although IVIG improves the acute 

inflammation in most children with KD, it does not offer a therapeutic solution when CAL 

develops despite the established treatment protocol (7). There is insufficient evidence to 

guide the use of other therapies in patients with CAL, such as systemic steroids, infliximab 

and cyclosporine (31). Doxycycline is presently not used in children with KD due to the 

paucity of appropriate clinical studies of efficacy. Due to the lack of a specific therapy, 

patients can suffer from progressive vasculopathy of damaged coronary arteries at any age 

(5), which often leads to early invasive coronary interventions, or sometimes even coronary 

bypass surgery (9). There is a dearth of treatment options for patients with KD and CAL, 

and it is difficult to measure the efficacy of such treatment due to the lack of a biomarker 

reflecting CAL.

We are proposing a novel interventional concept not previously evaluated in children: 

implementing a treatment aimed to prevent CAL. We predict that doxycycline can mitigate 

MMP-mediated coronary elastin breakdown and improve coronary outcome in children 

during the acute phase of KD. The current pilot study could improve the treatment of KD 

and reduce the number of children who develop CAL due to KD. Since doxycycline is a 

strong inhibitor of MMPs, especially MMP-9, which may be responsible for the destruction 

of elastin in the coronary artery adventitia, and doxycycline has been shown efficacious in an 

animal model of KD to reduce CAL (25), it is an attractive candidate for clinical evaluation 

in children. If doxycycline proves to be efficacious in preventing the progression of CAL, 

this study will provide a new application for doxycycline as a novel therapeutic option for 

children with KD and CAL. Practitioners may finally have a therapeutic option for those KD 

patients, who develop CAL despite the standard treatment.

Our results could change the concept and treatment of Kawasaki disease. A multi-center 

study could be derived from our findings, or might not even be necessary. If such a study, or 

the results of this pivotal trial, compellingly confirms the efficacy of doxycycline in the 

treatment of children with KD and CAL, and validates biomarkers of CAL, one can 

anticipate widespread use of doxycycline for the prevention of MMP mediated vascular 

matrix destruction, and CAL in KD.
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Figure 1. 
Treatment protocol for the DEAL trial.
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Figure 2. 
Coronary artery changes after doxycycline treatment compared to placebo Absolute and 

relative changes in coronary artery diameter z-score after doxycycline treatment compared to 

placebo during the acute phase of Kawasaki disease (KD). Ten patients were enrolled in a 

preliminary study and randomized to doxycycline (n=5) or placebo (n=5) treatment arms. 

From the acute phase of KD (T1) to the convalescent phase (T4), coronary artery diameter z-

scores decreased more dramatically in the doxycycline arm compared to the placebo arm 

(with a relative change of z-score −2.55 vs. −1.57). This study served for our power 

calculation and sample size prediction.
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Figure 3. 
Echocardiograms of the left anterior descending coronary artery (LAD) during the acute and 

convalescent phases of Kawasaki disease (KD). A: Diffuse dilation of the LAD (arrow) up to 

34 mm in diameter during the acute phase of KD. B: Resolution of the diffuse dilation 

(diameter 17 mm) during the convalescent phase after a 3-week treatment course of 

doxycycline, Ao: aorta, LMCA: left main coronary artery.
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Table 1

Inclusion and exclusion criteria for Step 1 and Step 2

Step 1 Step 2

Inclusion criteria Ages 1 month to 18 years As in Step 1

Diagnosis of Kawasaki disease: 5 days of fever and 4 out 
of 5 symptoms (conjunctival injection, palmar or solar 
edema, cervical lymphadenopathy, lingual or labial 
erythema, maculopapular rash)

Diagnosis and hospitalization within 3 weeks of fever onset

Informed consent (and assent)

Coronary artery dilation with a z-score ≥ 2.5

Exclusion criteria Denial of consent/assent As in Step 1

Fever onset more than 3 weeks prior to diagnosis and 
hospitalization

Tetracycline or sulfite allergy or prior treatment with 
tetracyclines (< 8 years of age)

Kidney failure (creatinine level above the upper limit of 
normal for age)

Liver failure (AST, ALT, bilirubin or GGT level elevated 
5x above the upper limit of normal for age)
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