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Abstract
Standard serum creatinine (S—Cr) levels in healthy children fluctuate with age and sex. However, it is unclear if this fluctuation in S—Cr
levels is present for children with Down syndrome (DS) who show atypical growth rate. Therefore, we aimed to establish specific
reference S—Cr levels for DS and compare them with the prevailing standard levels. We retrospectively reviewed 984 children with DS
aged 3 months to 18 years who visited our medical center. Patients with diseases affecting S—Cr levels were excluded. We calculated
the reference S—Cr levels according to sex, age, and length/height using medical records. A total of 3765 examinations of 568 children
with DS were registered for this study. Ages and S—Cr levels were examined for boys (v = 0.032x + 0.20; » = 0.868, P < 0.0001), and
girls (y=0.024x + 0.23; = 0.835, P < 0.0001). S—Cr levels in children aged >9 years were significantly higher in boys than in girls.
The 430 children with DS aged 28 years were examined 1867 times. Height and S—Cr levels showed a significantly strong positive
correlation ( = 0.670, P < 0.001) with regression equation y=0.37x. The quintic equations calculated with S—Cr levels and length/
height for boys (336 children, 2043 tests, 7 = 0.887) and girls (232 children, 1722 tests, 7 = 0.805) werey = — 6.132x" +32.78x* —
67.86x° + 68.31x" —33.14x + 6.41, and y=0.09542x + 1.295x* — 6.401x° + 10.35x* — 6.746x + 1.772. All calculated results varied
from the standard levels for healthy children.

Conclusion: This study established reference S—Cr levels and quintic equations specific for children with DS. These reference
levels would be potentially useful in evaluating S—Cr levels and renal function in this population.

What is Known:

* Standard serum creatinine levels vary with age and sex to reflect muscle mass.

* Reference serum creatinine levels specific to children with Down syndrome who show growth rates different from those of healthy children have not
been established.

What is New:

* Serum creatinine levels in children with Down syndrome showed different trajectories for sex, age, and length/height when compared with the standard
levels for healthy children.

* This report on specific reference serum creatinine levels for children with Down syndrome is useful in the assessment of renal function in these children.
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Introduction

The standard serum creatinine (S—Cr) levels currently used in
pediatric are based on calculations obtained for healthy chil-
dren [1-3]. Because endogenous S—Cr production is associat-
ed with muscle mass, it is considerably influenced by growth-
related factors such as age and sex. However, it is unclear
whether standard S—Cr levels can be appropriately applied to
children with DS, who are generally known to have different
growth rates [4, 5]. DS is the most frequent numerical chro-
mosomal abnormality among the various malformation syn-
dromes, with a frequency of 1:700—1:800 offspring. Trisomy
21 is most commonly caused by non-disjunction and accounts
for 95-96% of cases [6, 7]. In addition, mosaic trisomy 21 is
known to occur in 1-2% of cases and translocation trisomy 21
in 4-5% of cases [7, 8]. Much is known about their associated
conditions, such as congenital heart disease (CHD) and thy-
roid dysfunction [9, 10]. In contrast, few reports have been
published on S—Cr levels, which are indicators of renal func-
tion, and no specific reference levels have been established.
With increased renal diseases and improved life prognosis in
recent years, the need to evaluate renal function in DS has
increased [11]. However, the general formula for estimated
glomerular filtration rate, which is derived from standard S—
Cr levels for healthy children, cannot be applied for children
with DS [12]. When applying the standard S—Cr levels obtain-
ed in different populations depending on the presence or ab-
sence of disease, the results can be prone to errors [13]. As
drug doses and diagnostic imaging modalities using contrast
media depend on renal function [14, 15], having an accurate
yet practical method of monitoring renal function is crucial to
protect the kidneys [16]. These problems must be resolved
because they not only hinder proper treatment of the child
but also obscure future prospects, including renal replacement
therapy, and cause anxiety for the family. Therefore, a specific
set of reference levels for DS is required. The present study
was conducted to address the need to establish reference S—Cr
levels specific to children with DS.

Materials and methods
Study population

We retrospectively reviewed the data of children with DS
aged between 3 months and 18 years who underwent blood
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tests during regular outpatient visits at Saitama Children’s
Medical Center in Saitama, Japan, between 2003 and 2020.
Those who were hospitalized or had emergency visits were
excluded from the study. Length was measured in the supine
position for children aged <2 years and height in the upright
position for children aged >2 years. The length/height of the
patients on the closest date and time within 3 months before or
after the blood test were recorded. All specimens were collect-
ed for clinical purposes only and measured using the enzymat-
ic method at our center promptly following blood collection.
The S—Cr levels were determined by an enzymatic method
using an automatic biochemistry analyzer (Labospect 008;
Hitachi, Tokyo, Japan). Commercially available kits of en-
zyme used Accuras-auto CRE (Shino-test Corporation,
Tokyo, Japan) until 2010, L type WAKO*M (Wako Pure
Chemical Industries, Ltd., Tokyo, Japan) from 2010 to 2014,
and Cygnus-auto CRE (Shino-test Corporation, Tokyo,
Japan) from 2014 to the final observation point. DS was diag-
nosed using the G-banding method, and mosaic trisomy 21
was identified in an analysis with 20-30 cells.

Exclusion criteria

Children with diseases or symptoms affecting the S—Cr levels
were excluded, as the purpose of this study was to determine
the S—Cr levels of the general population of children with DS.
These include kidney diseases that change the glomerular fil-
tration rate, conditions that change the S—Cr levels, and dis-
eases that change the muscle mass. The following are the
examples of these diseases: chronic glomerulonephritis
(CGN), congenital anomalies of the kidney and urinary tract
(CAKUT) detected using abdominal ultrasonography,
vesicoureteral reflux (VUR), infectious and inflammatory dis-
eases, dehydration, muscle disease, neurological disease, ma-
lignant tumors, hypertension, severe CHD, liver or pancreatic
diseases, and combinations of DS and other malformative
syndromes. VUR was diagnosed using voiding
cystourethrography in children with recurrent urinary tract
infections. Children who were given anticonvulsants by pedi-
atric neurologists were diagnosed with neurological disease.
Severe CHD was defined as cases that have been treated with,
for example, catheter treatments and intracardiac repair or
considered to have treatment indications by pediatric cardiol-
ogists or cardiac surgeons. This included patients with treat-
ment indications but who had not actually undergone surgery
because their families not opting for it. Specifically, these
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treatment indications included patent ductus arteriosus (PDA),
atrial septal defects (ASDs) or patent foramen ovale (PFO),
ventricular septal defects (VSDs), atrioventricular septal de-
fects (AVSDs), tetralogy of Fallot (TOF), and double-outlet
right ventricle (DORV).

Statistical analysis

Reference S—Cr levels were established according to sex and
age. Linear regression, multinomial regression, and Pearson’s
product-moment analyses for serum creatinine levels accord-
ing to sex, age, and length/height were conducted using R
software (version 3.6.1) and MATLAB R2020b
(MathWorks, Inc., Cambridge, MA, USA). First, the regres-
sion equation of S—Cr levels for age was calculated for each
sex. Next, the regression equation of S—Cr levels for height
(m) at the age with no sex-related difference was calculated.
Finally, the S—Cr levels for length/height (m) in each sex were
regressed by quintic equations considering the growth rate. As
repeated tests in a single patient could represent a source of
bias or a disproportionately larger amount of data from youn-
ger children, we analyzed data from the final examination
only, which were not biased to younger ages, for validity
using the quintic equation calculated in this study with P3,
(the percentage of each S—Cr level within 30% of the quintic
equation calculated in this study), mean error (ME), mean
absolute error (MAE), and root mean square error (RMSE).
In all analyses, P < 0.01 was considered to be of statistical
significance.

Ethical approval

The study was approved by the local ethics committee for
human research (protocol number 2020-04-025). All proce-
dures involving human participants were conducted according
to the ethical standards of the institutional and/or national
research committee and within the guidelines of the 1964
Declaration of Helsinki and its later amendments or compara-
ble ethical standards.

Results

A total of 984 children with DS were examined at our chil-
dren’s medical center during the study period. Of these chil-
dren, 416 had the following complications warranting exclu-
sion: 27 kidney diseases (Table 1), 36 neuromuscular dis-
eases, and 380 severe CHD. Duplicates were also counted
separately, but the distribution of severe CHD cases was as
follows: 147 PDA, 108 ASD or PFO, 162 VSD, 91 AVSD, 23
TOF, 8 DORYV, and 6 unknown. A final total of 568 children
with DS (336 boys and 232 girls) were included in the study.
Among the children were 111 with mild CHD (29 PDA, 70

ASD or PFO, 37 VSD, 4 AVSD, 1 TOF, 2 Ebstein’s anomaly,
and 1 coarctation of the aorta; including duplicates) who did
not require treatment. Of these children, 93.8% had been di-
agnosed with standard trisomy 21 in their chromosomes;
1.9%, mosaic trisomy 21; and 4.2%, the translocation trisomy
21. A total of 3765 blood tests (median 5 tests/child; inter-
quartile range 2—11 tests/child) were performed, including
2043 tests in 336 boys and 1722 tests in 232 girls. The rela-
tions between age and S—Cr level tabulated according to sex
are shown in Table 2. The linear regression by sex was y =
0.032x+ 0.20 for boys and y=0.024x+0.23 for girls.
Because a significant difference was observed between boy
and girl children older than 9 years, the relationship between
S—Cr level and height was shown for children aged 2—8 years.
A significant positive correlation was observed between S—Cr
level and height in 430 children aged 2—8 years who had been
examined 1867 times ( = 0.670, P < 0.001). The regression
equation was y = 0.44x — 0.07 and passed through the origin at
y=0.37x. In all subjects, the relationships between length/
height and S—Cr level were determined by polynomial regres-
sion analysis for boys and girls separately, and reference S—Cr
levels were expressed as a quintic equation of length/height.
The regression equations were y= — 6.132x° +32.78x" —
67.86x> + 68.31x* —33.14x + 6.41 and y=0.09542x" +
1.295x* — 6.401x° + 10.35x* — 6.746x + 1.772 (Fig. 1). The fi-
nal test for each patient was extracted and evaluated for the
quintic equations obtained in this study, which were P53 (boys,
91.4%; girls, 90.5%), ME (boys, 0.0063 + 0.0870; girls,
0.0132 £ 0.0735), MAE (boys, 0.0631; girls, 0.0562), and
RMSE (boys, 0.0871; girls, 0.0744).

Discussion

This is the first report establishing reference S—Cr levels for chil-
dren with DS, which vary from the standard levels for healthy
children both in age and length/height. In general, kidney disease
in DS is considered less frequent than other complications [11,
17, 18]. However, although many CAKUT are asymptomatic,
they pose a risk of renal failure and urinary tract infection [19].
The exact frequency of glomerular disease is unclear, but the
incidence of CAKUT is known to be approximately 0.1-4%
[20-23]. It is present at the same incidence rate in this study,
and the reference S—Cr level is necessary to accurately evaluate
them, as shown in Table 1. In contrast, several children with DS
have CHD, so whether they should be included in marking the
reference S—Cr values is controversial. A previous study has
reported that the incidence of renal failure after surgery in chil-
dren with DS was not significantly different from that in children
without DS [24]. In addition, even children who have undergone
surgery requiring cardiopulmonary bypass showed no effect on
renal function 5 years after the surgery [25]. On the other hand,
cyanotic CHD that requires surgery is a risk factor for chronic
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Table 1 Excluded patients with kidney diseases

Glomerular disease

n Age at onset
Chronic glomerulonephritis 2 6 years
11 years

Congenital anomalies of the kidney and urinary tract
Number of patients

Vesicoureteral reflux 12 6
4
2
Hydronephrosis 11 5
5
1
Posterior urethral valves 2 1
1
Multicystic dysplastic kidney 1 1
Hypoplastic/dysplastic kidney 1 1

Trigger of onset Diagnosis

IgA vasculitis Henoch—Schoénlein purpura nephritis
School urinalysis C3 glomerulonephritis
Age of onset

0,0, 1,2,3,and 5 years

Trigger of onset
Urinary tract infection

Immediately after birth Examination for imperforate anus
Unknown
Fetal period Screening test
Immediately after birth Screening test
1 year Urinary tract infection
3 years Screening test
7 years Urination disorders
Fetal period Screening test

Immediately after birth Screening test

kidney disease [26]. Whether the possible causes of these are
technical issues or changes over time remains ambiguous.
Therefore, this study ruled out severe CHD that required surgery
to remove factors that have a secondary effect on S—Cr levels.
Schwartz et al. [1] reported standard S—Cr levels based on
age for the first time in 1976, which were y = 0.025x + 0.35 for

Table 2
boys and girls aged 9-16 years with Down syndrome

boys and y=0.018x+ 0.37 for girls, in a study with 1398
children. In addition, Savory et al. [2] evaluated 2110 children
and showed significant differences between boys and girls
aged >15 years. These show distinctly different slopes and
changes by age from those derived in the present study. One
factor that can be identified is the differences in measurement

Median, 2.5 percentile, and 97.5 percentile of reference serum creatinine (mg/dL) levels for patients aged between 3 months and 8 years and

Age n 2.5%
3 to <6 months 154 0.16
6 to <9 months 122 0.16
9 to <12 months 114 0.17
1 to <2 years 389 0.19
2 to <3 years 334 0.18
3 to <4 years 285 0.22
4 to <5 years 213 0.24
5 to <6 years 216 0.25
6 to <7 years 296 0.28
7 to <8 years 282 0.30
8 to <9 years 241 0.32

Boys

n 2.5% 50%
9 to <10 years 132 0.34 0.47
10 to <11 years 99 0.35 0.48
11 to <12 years 87 0.39 0.54
12 to <13 years 66 0.37 0.58
13 to <14 years 46 0.39 0.62
14 to <15 years 55 0.47 0.73
15 to <16 years 28 0.59 0.76
16 to <17 years 29 0.60 0.86

50% 97.5%
0.24 0.34
0.24 0.33
0.24 0.36
0.26 0.38
0.28 0.39
031 0.45
0.34 0.48
0.36 0.49
0.39 0.54
0.42 0.58
0.44 0. 62

Girls
97.5% n 2.5% 50% 97.5%
0.64 102 0.33 0.45 0.56
0.67 108 0.33 0.47 0.59
0.74 85 0.33 0.46 0.60
0.88 61 0.36 0.51 0.63
0.95 45 0.35 0.55 0.75
0.96 43 0.46 0.62 0.76
1.04 37 0.37 0.61 0.80
1.05 21 0.49 0.71 0.84

@ Springer



Eur J Pediatr (2021) 180:2977-2983 2981
Serum creatinine Serum creatinine
(mg/dL) (mg/dL)
141 T 1
a b

n=1336 children (2043 tests)
r=0.887 %
»y=-6.132x% + 32.78x* - 67.86x> + 68.31x% - 33.14x + 6.41 .

127

08

067

04

02 Individual data
Down Syndrome

---------- Healthy children

04 06 08 1 12 14 16 18 2

Length/Height (m)

Fig. 1 Scatter plots and reference serum creatinine (S—Cr) levels in boys
(a) and girls (b) with Down syndrome (DS), added standard S—Cr levels
in healthy children for comparison. The reference S—Cr (mg/dL) levels
drawn with a thick line is represented by a quintic equation that shows the
correlation between S—Cr levels and length/height in boys and girls with

methods [27, 28], but this does not affect the slope of the
straight line obtained. Another factor is that the cohorts com-
pared are of different ethnic groups [29, 30], and both need to
be aligned to solve this problem. A study from China with
4765 children aged 0—18 years from the same Asian race as
subjects showed a significant difference in S—Cr level between
boys and girls except for those aged 7-9 years [31]. The S—Cr
levels of 1594 children aged 3—18 years from Iran were y =
0.03x+ 0.5 for boys and y=0.02x+ 0.5 for girls [32].
However, these studies also showed results different from
our results. According to a study with the same ethnic group
as in our study, the regression equation of the S—Cr levels for
height at the age without a sex-related difference was y =
0.34x—0.044 (»=0.670, P < 0.001), and the equation passing
through the origin was y=0.30x in 1151 children [3]. The
formulas for children with DS obtained in this study showed
different slopes. In addition, as shown in Fig. 1, the S—Cr
levels based on length/height were different in children with
DS, even in the quintic equation that accounted for the growth
of children at all ages. The abovementioned findings show
that the transition of the S—Cr level in children with DS is
different from the standard levels. The study results might
have originated from the difference in growth rates or activity
for age. On the other hand, S—Cr level fluctuates with time,
meaning that it changes with changes in demographic indica-
tors [33]. This also applies to children with DS, as their own
growth rates are also changing due to advances in medical
care and nutritional status [4]. Therefore, it is important to
continue the evaluation including their changes over time.

n =232 children (1722 tests)
r=0.805
»=10.09542x + 1.295x* - 6.401x> + 10.35x% - 6.746x + 1.772

08¢

06~

04;

Individual data
Down syndrome
---------- Healthy children

02+

04 06 08 i 12 14 16 18
Length/Height (m)

DS aged between 3 months and 18 years. The significant correlation
between S—Cr level and length/height was determined using a
polynomial regression analysis. Reference S—Cr levels were compared
with the standard S—Cr levels from healthy children of the same ethnic
groups, expressed by a quintic equation and drawn with a dotted line [3]

This study had the following some limitations: it was
retrospective in nature and conducted in a single center,
and selection and ascertainment biases were possible be-
cause the subjects were not a general population.
However, as our center had a specialized outpatient clinic
for children with DS, we were satisfied with the number of
patients considered. In addition, as these outpatients
underwent regular follow-up concerning development at
our center, our study population included many children
with no complications or comorbidities; therefore, a little
risk of bias existed. In addition, the inclusion of mosaic
trisomy 21 in the study population is also considered a lim-
itation, but the genotype ratio in this study showed the same
tendency as the general ratio. Thus, we believe that the pa-
tients included in this study represent the general population
of children with DS. However, it is desirable that reference
levels be planned for a prospective study and created on the
basis of many facilities and regions. More future studies are
needed because the S—Cr levels of children with DS are
different from the standard level for healthy children.
Another limitation was that we could not exclude the possi-
bility that the test may have been conducted frequently in
certain patients due to high S—Cr levels. However, we ex-
cluded patients with diseases affecting S—Cr levels. Even
assuming that children with high S—Cr levels were tested
frequently, the assumption was based on general standard
S—Cr levels that were inappropriate for children with DS.
Therefore, the patients in this study were considered to rep-
resent the general population of children with DS. In
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addition, as this study involved a time-based evaluation of
length/height and age, it should have had little impact on the
results, such as increased bias in test results at specific
times. Based on P35, ME, MAE, and RMSE, the quintic
equation was considered to be valid and reliable. This study
presents reference S—Cr levels for children with DS, which
appear to be useful but should be validated for all ages. The
reference levels may change depending on the proportion of
diseases and advances in medical care, so further consider-
ation of fluctuation over time to evaluate the reference
levels is warranted.

The reference S—Cr levels for age and regression equation for
length/height obtained in this study showed a strong correlation,
which can be applied for children with DS. We suggest using
these reference levels to assess S—Cr levels in children with DS.

Abbreviations ASD, Atrial septal defect; AVSD, Atrioventricular septal
defect; CAKUT, Congenital anomalies of the kidney and urinary tract;
CGN, Chronic glomerulonephritis; CHD, Congenital heart disease;
DORYV, Double-outlet right ventricle; DS, Down syndrome; MAE,
Mean absolute error; ME, Mean error; PDA, Patent ductus arteriosus;
PFO, Patent foramen ovale; RMSE, Root mean square error; S—Cr,
Serum creatinine; TOF, Tetralogy of Fallot; VSD, Ventricular septal de-
fect; VUR, Vesicoureteral reflux
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