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Abstract 

Background  This study aims to develop Z-Score models to normalize measurements of three coronary arteries 
and enhance the diagnosis of Kawasaki disease (KD) in children from newborns to 10 years old. Developing a reli-
able Z-Score model is challenging, as some existing models fail the normality test. Overcoming these challenges 
is crucial for improving KD diagnosis.

Method  Detailed measurements of the left main coronary artery (LCA), left anterior descending coronary artery 
(LAD), and right coronary artery (RCA) were collected, along with patient demographics such as age, height, weight, 
and body surface area (BSA). Several Z-Score models, named the Kuo Z-Score models, were proposed, with separate 
designs for different coronary arteries and different age groups, resulting in multiple Z-Score models. The Z-Score 
model for the RCA employs the Box-Cox method for data transformation. Finally, we tested various age group combi-
nations, selecting models that passed the Anderson–Darling normality test and had higher R-square values for robust-
ness and best data fit.

Results  The study included 1180 participants free from coronary or heart diseases. The Kuo Z-Score models were 
optimized for LCA, LAD, and RCA across the five age groups 0–6 years, 6–7 years, 7–8 years, 8–9 years, and 9–10 years. 
Only the normality test for the RCA in the 7–8 year age group failed. The proposed model fitted to the normality 
assumption outperforming the other models.

Conclusion  The Kuo Z-Score models, applicable across a broad age range, provides robust identification of coro-
nary artery dilatation and aneurysm in KD. The models’ capability to normalize diverse data sets marks a significant 
advancement in KD diagnostic sensitivity, aiding in better clinical decision-making and potentially improving patient 
outcomes.
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Background
Kawasaki disease (KD), also known as mucocutane-
ous lymph node syndrome, is a systemic vasculitis that 
affects small to medium-sized blood vessels, including 
the coronary arteries [1]. KD predominantly occurs in 
children aged 6  months to 5  years, with an incidence 
rate of about 0.06% whereas the incidence rate was 
17.6 for 100,000 children under 5  years. In Taiwan, 
as per the National Health Insurance Administration, 
there are 800 to 1000 new KD cases reported yearly, 
mostly in children under 5  years, who constitute 94% 
of all cases. Even though not every patient experienced 
coronary artery lesions (CALs) [2], 35% of KD patients 
still have this symptom [3]. The overall mortality risk 
associated with KD is approximately 0.17%, underscor-
ing the importance of early diagnosis.

The primary clinical manifestations of KD include 
coronary artery aneurysm [4]. Given the variation in 
coronary artery diameter with age, weight, and height, 
objective measurements are essential for the early 
detection of these conditions. The Japanese criteria [5] 
specify that an arterial diameter greater than 3.0  mm 
is indica- tive of KD CALs in children under 5  years. 
However, there is a notable variation in coronary 
artery diameters.

Consequently, Z-Scores, which adjust coronary 
artery diameter data based on body surface area (BSA) 
with mean and standard deviation, are employed for 
more accurate detection [6–11]. Olivieri et al. [9]. opti-
mized linear regression models, incorporating quad-
ratic or cubic BSA terms, while McCrindle et  al. [8] 
used BSA-based nonlinear regression to track echocar-
diographic changes in Kawasaki Disease (KD) patients. 
Dallaire and Dahdah [6] explored multiple regression 
func- tions, and Lin et al. [7] applied regression anal-
ysis to a Taiwanese cohort, high- lighting the influ-
ence of sample size on model accuracy. Recent studies 
emphasize the importance of selecting the appropriate 
Z-Score system for diagnosing coronary abnormalities 
in KD, with Yoo [12], Kim [13], and Lorenzoni et  al. 
[14]. underscoring the variability and clinical impact of 
different Z-Score formulas.

In our research, we employed the Anderson–Darling 
test to assess the normality of Z-Scores derived from 
existing models [6–9]. Additionally, acknowledging 
that KD affects children aged 7 to 10 years as well, we 
broadened our study’s demographic scope to include 
newborns to 10-year-olds. By incorporating a larger 
number of cases, we aimed to enhance the quality of 
our Z-Score system and compare its normalization 
outcomes with those from previous studies.

Material and methods
This section details the methodology and results of our 
study aimed at developing Z-Score models for normal-
izing measurements of three coronary arteries in chil-
dren aged newborn to 10 years to enhance the diagnosis 
of Kawasaki disease (KD). The study included 1180 par-
ticipants free from coronary or heart diseases. Measure-
ments of the LCA, LAD, and RCA were collected, along 
with patient demographics such as age, height, weight, 
and body surface area (BSA). Several Z-Score models 
were proposed for different coronary arteries and age 
groups, with separate designs leading to multiple mod-
els. The models were rigorously tested for normality, and 
various data transformation techniques, including the 
Box-Cox method, were employed to optimize the RCA 
model. This section provides a comprehensive overview 
of the participant data, data transformation processes, 
basic and modified models, and the selection of our mod-
eling efforts. Additionally, we further compared the pre-
dictive performance of each model. First, we calculated 
the Z-Scores for each age-specific model separately and 
then used these Z-Scores to compare the sensitivity and 
specificity across the entire dataset.

Participants
Data collection was conducted at Kaohsiung Chang 
Gung Memorial Hospital’s Children’s Medical Center 
(n = 831) and through a free clinic project in Kaohsi-
ung’s elementary schools (n = 349), encompassing a total 
of 1180 children. Participants were selected based on 
criteria that included being under 10  years of age, hav-
ing undergone echocardiographic examinations, and 
having no history of coronary issues or congenital heart 
diseases. Collected data comprised the patients’ age, 
height, weight, and BSA, along with measurements of the 

Table 1  Age distribution of full training dataset

Age Group (years) Patient 
Number

 < 0.5 96

 ≥ 0.5, < 1 96

 ≥ 1, < 2 104

 ≥ 2, < 3 102

 ≥ 3, < 4 101

 ≥ 4, < 5 109

 ≥ 5, < 6 101

 ≥ 6, < 7 122

 ≥ 7, < 8 128

 ≥ 8, < 9 105

 ≥ 9, < 10 116



Page 3 of 10Kuo et al. Pediatric Rheumatology          (2024) 22:108 	

internal lumen diameters of their LCA, LAD, and RCA. 
Table 1 presents the age distribution of the full training 
dataset. The mean age of the participants was 4.7 years. 
Due to variances in echocardiographic parameters, 
some LAD data were incompatible, resulting in 938 valid 
entries, while the LCA and RCA data both included 1180 
entries. The LCA and LAD data passed the Anderson–
Darling normality test, but the RCA data did not. On the 
other hand, the testing cohort comprised of 112 healthy 
subjects from a training dataset and 112 KD patients with 
coronary artery dilation, designated as the disease group. 
The mean age of the normal group and disease group was 
4.80 and 4.07 years, separately. In the randomly selected 
testing dataset, the age distribution of the normal group 
closely resembled that of the full training dataset. Due to 
the nature of Kawasaki Disease, there are fewer individu-
als older than six years in the KD group (Table 2).

Data transformation
To establish predictive models, methods including linear, 
logarithmic, exponential, and square-root regression are 
employed. The key differences among these models lie 
in the BSA transformation and the incorporation of age 
variables. We evaluated various BSA calculation meth-
ods, including those proposed by Mosteller, DuBois, 
Haycock, and Gehan. Additionally, we reanalyzed several 
regression models from existing literature, recalculating 
their parameters and Z-Scores. In these models, M rep-
resents the measured coronary vessel diameter, while 
α and β are constants reflecting the impact of different 
parameters. The Anderson–Darling test revealed that 
none of the regression models from the literature could 
simultaneously normalize the Z-Score distributions for 
our LCA, LAD, and RCA data. Examining the distribu-
tions of the LCA, LAD, and RCA data in relation to BSA, 
we noted inhomogeneous variation in data distributions, 

irrespective of conditional distributions of LCA, LAD, or 
RCA data against varying BSA values.

The Box-Cox transformation (Eq. 1) [15], a widely used 
technique in data transformation, effectively minimizes 
the impact of inhomogeneous variation in regression 
models. The Box-Cox transformation of the variable M is 
defined as M (λ), where λ is the transformation parameter 
(Table 3).

We presented a simplified regression model (Eq.  2) 
using M (λ) as the dependent variable and BSA as the 
independent variable:

In this model, each value in the dataset (Mi, BSAi)|i = 1, 
…n is transformed into a corresponding value in the set 
(Mi (λ), BSAi)|i = 1, …n, fitting an optimal regression line. 
Assuming that the set εi, i = 1, …n is normally distributed 
with a mean of 0 and a variance of σ2, the optimal λ value 
is estimated using the maximum likelihood approach. 
The best regression model is then identified.

Adhering to Occam’s razor, we prioritized models 
achieving normalization with minimal complexity. In 
evaluating models, both the fit of the Z-Score distribution 
to a normal distribution and a higher R2 value are essen-
tial. For models with both normally distributed Z-Scores 
and R2 values of ≥ 0.5, we also considered the calculation 
complexity and the number of independent variables.

Basic model
In our foundational model, Mi (λ) represents the ith data 
point for LCA, LAD, or RCA; BSAi is the BSA value cal-
culated from the patient’s height and weight; and εi is an 
independently and normally distributed residual term 
with a mean of 0. The parameters λ, α, β, and γ in our 
optimal model are derived from our dataset. We calcu-
lated the Z-Score for each data point using the equation 
(Eqs.  3 and 4), where Zi represents the Z-Score of the 
ith data point in the optimal regression model, and the 
standard error is the square root of the mean squared 

(1)M� =
M�−1

�
if � �= 0

ln (M) if � = 0

(2)M�
i = α + β × (BSAi) + εi

Table 2  Age distribution of testing dataset

Age Group (years) Normal Patient Number KD Patient Number

 < 0.5 3 8

 ≥ 0.5, < 1 11 1

 ≥ 1, < 2 11 15

 ≥ 2, < 3 9 16

 ≥ 3, < 4 14 14

 ≥ 4, < 5 10 26

 ≥ 5, < 6 10 11

 ≥ 6, < 7 16 5

 ≥ 7, < 8 8 2

 ≥ 8, < 9 9 10

 ≥ 9, < 10 11 4

Table 3  Box-cox Transformation

λ M (λ) λ M (λ)

−2 1

M2
0.5

√
M

−1 1

M
1 M

−0.5 1√
M

2 M
2

0 ln(M)
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error. Equations 3 and 4 illustrate the final version of our 
selected model.

In our research, we considered the impact of age and 
other variations. However, they did not improve the 
model performance. For the equation and results about 
the candidate models, we show them in Appendix A and 
Appendix B.

Modified model for RCA data
Regarding RCA data, initial modeling attempts with-
out the Box-Cox transformation yielded nonnormal 
Z-Scores. Although our application of the Box-Cox 
transformation decreased data variation inconsistency, 
the RCA Z-Scores persisted in being nonnormally dis-
tributed when not including LCA and LAD values as 
independent variables. Consequently, RCA charac-
teristics may not be fully explained solely by variables 
like BSA, age, and sex. Due to the nonnormal distri-
bution of the RCA data, we restructured the model to 
incorporate LCA and LAD parameters (Eqs.  5 and 6). 
This adjustment aimed to produce more accurate RCA 
results aligning with the data. The refined model is 
detailed below:

(3)M
(�)
i = α + β × ln (BSAi) + εi

(4)Zi =
M�

i − α − β × ln(BSAi)√
MSE

(5)
M

(�)
i

= α + β1 × LCA + β2 × LAD + β3 × ln (BSAI ) + εI

Age group selection
To manage the extensive combinations of age groups 
ranging from newborns to 10 years old, we implemented 
a systematic approach using a for-loop in R language to 
pair and test different age groupings. This allowed us 
to conduct a series of combi- natorial tests, assessing 
each combination against the Anderson–Darling nor-
mality test. For those models that successfully passed 
the normality test, we further evaluated them based on 
their R-square values, prioritizing models with higher 
R-square values for final selection. This approach ensured 
that the selected models were both statistically robust 
and provided the best fit for the data.

Results
Result of basic model
This section presents the result of the model performance 
of the Z-Score models for the three coronary arteries. To 
identify the optimal grouping for achieving normality, 
we test various combinations across different age groups. 
We ultimately found that combining ages 0 to 6 into a 
single group was effective in satisfying the normality 
assumption. However, for older age groups, maintaining 
one-year intervals was necessary to achieve normality. 
Therefore, there are five age groups include 0–6  years, 
6–7 years, 7–8 years, 8–9 years, and 9–10 years. Table 4 
displays the finalized parameters of all age models. Post 
Box-Cox transformation, both LCA and LAD data were 
successfully transformed into stable, normally distributed 
Z-Scores.

(6)Zi =
M

�
i
− α − β1 × LCA− β2 × LAD − β3 × ln(BSAi)√

MSE

Table 4  Model parameters for different ages

Age Group λ α β1 β2 β3 MSE

0-6y LCA 0.4646 1.2090 0.5581 0.0423

(n = 709) LAD 0.1414 0.7369 0.3390 0.0321

RCA​ 0.5859 0.0579 0.1587 0.2450 0.1970 0.0439

6-7y LCA 0.6667 1.3051 0.8421 0.0910

(n = 122) LAD 0.3030 0.8082 0.3966 0.0471

RCA​ 0.5051 −0.2735 0.2375 0.2843 −0.0048 0.0406

7-8y LCA −0.2626 0.7947 0.1977 0.0186

(n = 128) LAD 1.0303 1.0504 0.7779 0.1166

RCA​ 0.5859 0.1061 0.0965 0.3106 0.2422 0.0440

8-9y LCA 0.0202 0.9077 0.3947 0.0270

(n = 105) LAD 0.9091 1.0298 0.8624 0.0794

RCA​ −0.7475 0.1695 0.0838 0.0969 0.0318 0.0048

9-10y LCA 0.9899 1.4410 0.9222 0.1523

(n = 116) LAD 1.1919 1.0901 1.2752 0.1639

RCA​ 0.1414 0.0934 0.0109 0.3231 0.2721 0.0257
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In Table 5, the adjusted R2 for LAD diameter consist-
ently showed low values across all models; enhancements 
such as increasing variable count (e.g., adding age or sex) 
or model complexity (e.g., transitioning to polynomial 
regression) did not elevate the R2. This pattern suggests 
that the LAD diameter might possess less understood 
attributes. A higher R2 value is indicative of a stronger 
linear relationship between variables, while a low R2 
value signals a potentially unsuitable model.

In line with Occam’s razor, considering the models’ R2 
values and Z-Score normality, we identified the optimal 
model for LCA and LAD data as a natural logarithmic 
model. Conversely, the RCA required a distinct approach, 
utilizing the modified model that integrates LCA and 
LAD values as independent variables.

Result of modified model
Incorporating LCA and LAD data into the modified 
model significantly enhanced both the Z-Score distribu-
tion and the adjusted R2 for RCA diameters, leading to 

a more robust fit across all age groups. These improve-
ments, as shown in Eq.  5, and the detailed results in 
Tables 4 and 5, demonstrate the effectiveness of our data-
fitting methodology when compared to existing models. 
Specifically, our model performed well across various age 
groups in Table  6, passing normality tests and yielding 
competitive adjusted R2 values for each coronary artery. 
The enhancements in our approach allowed for better 
handling of outliers and non-normal distributions, which 
are common challenges in coronary artery data.

The overall performance of our model, evaluated 
through ROC curve analysis (Fig. 1), showed AUC val-
ues of 0.975, 0.981, 0.979, and 0.979 for the Kuo, Lin 
et  al. [7], Dallaire et  al. [6], and McCrindle et  al. [8] 
models, respectively. These results indicate that our 
model provides superior specificity (Table  7) while 
maintaining competitive sensitivity. Given the trade-
off between sensitivity and specificity, our model dem-
onstrated the best overall balance, outperforming the 
other models in terms of its ability to detect coronary 
artery dilation with a high degree of accuracy and reli-
ability. This makes it a valuable tool for clinical deci-
sion-making in diagnosing Kawasaki Disease, especially 
when precision in coronary artery measurements is 
critical.

Discussion
Our study notably contributes to the existing body of lit-
erature by comparing newly developed Z-Score models 
with those from earlier research. We uniquely utilized 
Taiwanese data covering a broad age spectrum, from 
newborns to 10-year-old, and a substantially larger sam-
ple size. This approach allowed us to effectively tackle the 

Table 5  Normality test & R2 for different age models

Table 6  Different age normality test & R2 comparison with the existing models
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issue of unconventional data distribution which has been 
a challenge in previous studies. While the Taiwan Society 
of Pediatric Cardiology’s 2014 study was limited to 412 
children aged 0 to 6 years, our research expanded the age 
range up to 10 years and included 1180 participants, cre-
ating a dataset that is more representative of the wider 
pediatric population.

Z-Scores prove to be a more reliable method for pre-
dicting coronary artery lesions (CALs) in Kawasaki 
disease (KD) compared to arterial diameter measure-
ments. According to the 1984 criteria set by the Japa-
nese Ministry of Health and Welfare, coronary artery 
dilatation in children under 5  years and 5  years or 
older is defined as a maximum internal lumen diam-
eter of at least 3  mm and 4  mm, respectively, along 
with any signs of local dilatation. Furthermore, a cor-
onary artery aneurysm is characterized as a lumen 

measuring 4 to 8 mm or being 1.5 times larger than an 
adjacent segment, while a giant coronary artery aneu-
rysm has a lumen size of 8 mm or more. Ae et al. have 
reported that Z-Score criteria are notably more sensi-
tive in identifying coronary artery dilatations in KD 
than the Japanese criteria, although this heightened 
sensitivity was not apparent in cases of giant aneu-
rysms [5]. In contrast to the Japanese criteria, Z-Score 
criteria consistently show greater sensitivity for detect-
ing coronary artery dilatations across all ages and for 
identifying aneurysms in patients as young as one year 
old. The difference in detection sensitivity between 
the Z-Score and Japanese criteria stems from both the 
size of the coronary artery and the age of the patient. 
In our research, we accounted for age variations and 
utilized the Box-Cox transformation for the normali-
zation of RCA diameters, which made the Z-Scores 
more statistically robust by ensuring consistency with 
the assumption of normality.

One common issue in previous studies is the inability 
to address the nonnormal distribution of arterial diam-
eter data. In our study, we applied Box-Cox transforma-
tion to achieve more stable data, particularly for RCA 
diameters. Data transformed in this manner are capa-
ble of producing Z-Score results that meet the criteria 

Fig. 1  ROC curve comparison

Table 7  Model performance comparison

Sensitivity Specificity

Lin et al. [7] 0.697 1
Dallaire et al. [6] 0.667 0.969

McCrindle et al. [8] 0.697 0.969

This paper 0.697 1
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for normality. This technique can also be instrumen-
tal in developing Z-Score systems tailored to different 
populations.

When comparing the normal distribution of Z-Scores 
across different age groups, we cross-referenced various 
age combinations. The results showed a positive correlation 

Fig. 2  Age & coronary arteries diameter correlation



Page 8 of 10Kuo et al. Pediatric Rheumatology          (2024) 22:108 

between coronary arteries diameter and body surface area 
for children under 6 years old. However, for those aged 6 
and above, there was no correlation (Fig.  2). This lack of 
correlation might be the reason why data for children older 
than 6 years cannot be used to establish a unified model.

Even though the ROC value of the proposed model is 
slightly lower than existing models-by only 0.4% which is 
within the margin of random error, we believe that pass-
ing the normality test is essential in this study, especially 
before conducting Area Under the Curve (AUC) analy-
sis. Zhou et  al. [16] emphasize that understanding data 
distribution through normality testing directly affects 
the selection of appropriate analytical methods and the 
accuracy of confidence interval estimations. Ghasemi & 
Zahediasl [17] highlight that failing to meet normality 
assumptions can significantly impair statistical inference, 
leading to biased or invalid results. Hanley & McNeil 
[18] note that AUC calculations without verified distri-
butional assumptions can yield misleading outcomes, 
potentially compromising the assessment of diagnostic 
accuracy. Therefore, neglecting normality testing can 
mask significant data quality issues, underscoring its 
importance for robust statistical validation in diagnostic 
research utilizing AUC analysis.

One limitation of this study is the complexity in under-
standing the data transformation methods and math-
ematical models, particularly the use of techniques like 
the Box-Cox transformation to fit the data to a normal 

distribution. While these approaches enhance the accu-
racy and robustness of the Z-Score models, they can be 
challenging for clinicians and researchers to interpret 
and apply in a practical setting, potentially limiting the 
accessibility and widespread adoption of these models 
in routine clinical practice. To overcome this issue, this 
study presents a web application 1  to resolve this prob-
lem. This system is shown in Fig. 3.

Conclusions
Our research has successfully developed the Kuo Z-Score 
models, derived from a collection of models that cater to 
a wide age range and encompass a substantial population 
size. By systematically testing various age group combina-
tions through a programmatic approach and applying the 
Anderson–Darling normality test, we ensured the selec-
tion of robust models for children ranging from newborns 
to 10 years old. The application of the Box-Cox transfor-
mation further allowed us to normalize data distribu-
tions effectively. This enhanced Z-Score methodology 
provides clinicians with a more precise tool for identify-
ing coronary artery dilatation and aneurysm in KD. The 
improved sensitivity and specificity rates highlight the 
model’s clinical utility, offering significant advancements 
in KD diagnostic sensi- tivity and aiding in better clinical 
decision-making, potentially improving patient outcomes.

Fig. 3  Z-Score calculator

1  https://​world​star.​github.​io/Z-​Score​Calcu​lator/

https://worldstar.github.io/Z-ScoreCalculator/
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Appendix A
Candidate Z‑score models
When designing our optimal basic model, we con-
ducted numerous variation models using BSA subjected 
to transformations i.e., logarithmic transformation in 
Model1 (Eq.  A1) and square-root transformation in 
Model3 (Eq. A5). We also examined the effect of the age 
variable denoted as yeari in Model1. Candidate models are 
listed as follows:

We also performed the same comparisons for the mod-
ified model:

(A1)
Model1 : M(�)

i = α + β ∗ ln(BSAi)+ γ ∗ yeari + ǫi

(A2)
Z − Score1 : Zi =

M
(�)
i − α − β ∗ ln(BSAi)− γ ∗ yeari

Standard Error

(A3)Model2 : M(�)
i = α + β ∗BSAi + ǫi

(A4)Z − Score2 : Zi =
M

(�)
i − α − β ∗BSAi

Standard Error

(A5)Model3 : M(�)
i = α + β ∗

√

BSAi + ǫi

(A6)Z − Score3 : =
M

(�)
i − α − β ∗

√
BSAi

Standard Error

(A7)
Model4 : M(�)

i = α + β1 ∗ LCA+ β2 ∗ LAD + β3 ∗ ln(BSAi) + γ ∗ yeari + ǫi

(A8)
Z − Score4 : Zi =

M
(�)
i − α − β1∗ LCA − β2∗ LAD − β3∗ ln(BSAi)− γ ∗ yeari

Standard Error

(A9)
Model5 : M(�)

i
= α + β1∗ LCA+ β2 ∗ LAD + β3 ∗BSAi + ǫi

(A10)Z − Score5 : Zi =
M

(�)
i

− α − β1 ∗ LCA − β2∗ LAD − β3∗BSAi

Standard Error

Appendix B
Additional normality test and R2 comparison of candidate 
models
The full results of the normality test for the basic mod-
els are listed in Tables  8 and 9. The dataset was con-
ducted as one group here. The RCA Z-Scores of the 
models did not pass the normality test.

Table 8  Full normality test & R2 result of basic model for LCA and 
LAD data

Model type Normality Test R2

LCA LAD RCA​ LCA LAD RCA​

Model 1 0.425 0.349 0.001 0.500 0.267 0.409

Model 2 0.134 0.402 0.003 0.466 0.258 0.379

Model 3 0.552 0.314 0.001 0.489 0.267 0.399

Table 9  Normality Test and R2 of Modified Model for RCA Data

Model type Normality Test  R2

RCA​ RCA​

Model 4 0.572 0.401

Model 5 0.546 0.395

Model 6 0.608 0.398

The R2 results indicated minimal variation among the 
models. Our selected model slightly outperformed Z − 
Score1 (Eq. A2) in the normality test.

Abbreviations
LCA	� Left main Coronary Artery
LAD	� Left Anterior Descending coronary artery
RCA​	� Right Coronary Artery
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