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Purpose: Our aim was to investigate the normal reference value and to establish an
estimation formulae for renal structural parameters (RSPs) based on large-sample
CT data of Chinese children, which can provide a data reference for the clinical
assessment of kidney development and diseases in Chinese children.

Materials and Methods: A total of 438 children aged 0—17 years with normal renal
CT images and basic indices were continuously collected. The bilateral RSP,
including renal length (RL), renal width (RW), renal thickness (RT), renal volume
(RV), renal cortical thickness (RCT), renal artery diameter (RAD) and renal CT
value, were measured. Kendall's rank correlation was used to analyze the
correlation between RSP and sex. Pearson’s correlation was used to analyze the
correlation between RSP and age, height and weight. Differences in the RSP of
bilateral kidneys were analyzed via a paired samples t-test. Multiple linear
regression was used to analyze the multivariate relationships between RSP and
basic indices and establish the estimation formula of RSP.

Results: The RSP of normal kidneys showed a dynamic increasing trend with age,
except for the CT values. The reference value ranges (95% confidence interval) of
normal RSP for each age group were determined. Pearson correlation analysis
demonstrated strong correlations between RSP (RL, RW, RT, RV, RCT and, RAD) and
basic indices (age, height and, weight), with height exhibiting the greatest correlation
coefficient, followed by age or weight. Kendall's analysis showed that none of the
RSPs were correlated with sex. The RL, RW, RV and RAD of the left kidney were larger
than those of the right kidney, and the RT and RCT of the right kidney exhibited
opposite results. Multiple linear regression analysis demonstrated a significant linear
relationship between the RSP (RL, RW, RT, RV and, RCT) and the variables of the
basic indices. The estimation formulae for calculating the RSP were established.
Conclusion: This is the first Chinese study to report of the trends, normal reference
values and estimation formulae of normal RSP based on large-sample CT data.
These results can provide data references for assessing adequate kidney growth or
disease damage in Chinese children.
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Introduction

Childhood is a critical period of kidney development.
Compared with adults, the renal structural parameters (RSP) of
children change dynamically with age (1). Kidney diseases such
infections, and

as renal hypoplasia,

hematological diseases may cause morphological changes in the

glomerulonephritis,

kidney (2-6). To accurately evaluate the morphological changes
in children’s kidneys in different age groups, we must refer to a
normal reference range of kidney structure or an estimation
formula of kidney structure parameters.

In recent years, with the development of imaging technology
(CT, MRI, ultrasound and nuclear medicine), these methods,
have been applied to display the renal structure and to assess the
normal development or disease state (7-12). By using these
imaging methods, some researchers have measured the
morphology of kidneys in children and established the criteria
for normal kidney morphology, especially concerning normal size
range. However, the criteria in these reports are not necessarily
universal because of the influence of ethnic factors on the
morphological characteristics of the kidney (13-17).

To the best of our knowledge, although China has nearly 1/6 of
the world’s child population under 18-years-old, there is still a lack
of complete normal reference data on the RSP of the kidney. Shi
et al. (13). reported an article on imaging measurements of
kidney morphology by using ultrasound in a Chinese population;
however, the study assessed only one measure of kidney volume
(RV) and was limited to ages under 12 years. Moreover,
considering that CT is currently still one of the most important
renal imaging methods in children (10, 18), it is necessary to use
CT imaging data to measure the developing kidneys of children
to establish the normal value reference index of renal structures
in Chinese children.

Therefore, the current present study aimed to examine the
trends of normal RSP with age and to investigate the reference
value range of each structural parameter for each age and
ultimately establish the estimation formulae for calculating the
RSP of the standard kidney by measuring a large sample of CT
data in Chinese children of different ages. This study can provide
clinical assessment of kidney

a data reference for the

development and diseases in Chinese children.

Methods
Ethical safety
This study complied with the ethical and moral requirements

in the Declaration of Helsinki. The
exemption of informed consent for the use of children’s age,

of medical research

gender, and contrast CT images was approved by the Ethics
Committee of Children’s Hospital Affiliated to Chongqing
Medical University (China), and the ethics approval number is
2022384.
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Data acquisition

The enhanced CT images were obtained on a 64-slice spiral CT
(Highspeed VCT, GE, USA) or a Philips 256-slice iCT (Brilliance
iCT, Holland). GE Centricity PACS was used to collect and
retrieve the CT The
management used to

images. hospital’s medical record

collect the
demographic index, anthropometric indices, medical history,

system  was subject’s
blood and urine renal function, regional information and
parental ethnicity. Furthermore, the Philips Extended Brilliance
Workspace 4.5 workstation was used to measure the RSP.

Inclusion and exclusion criteria for the
study subjects

Inclusion criteria: (1) The subjects underwent abdominal CT
contrast-enhanced examinations at the Children’s Hospital of
Chongqing Medical University (China) between January 2012
and September 2022. (2) The patient’s age was between 0 and 18
years old. (3) The demographic indices (age and gender) and
anthropometric indices (height and weight) of the subjects were
complete. (4) The renal serum and urine biochemical indicators
of the subjects were both normal. (5) The enhanced CT images
of the bilateral kidneys were complete, the thickness of the
original images used to reconstruct and measure the RSP was
less than 1.25 mm, and the images of the kidneys were clear.

Exclusion criteria: (1) Subjects who had a history of
prematurity, malnutrition, long-term chronic wasting disease,
congenital diseases of other organ systems, renal disease, renal
surgery, or other diseases affecting renal structure and function
were excluded. (2) The study subjects were mixed-race children.
(3) The contrast CT images showed renal abnormalities in
morphology or intensity, such as dysplasia, renal cysts, nephritis
and tumors, etc. (4) The kidney images had significant artifacts
that affected the measurement results.

Measurement of RSP

In the Philips Extended Brilliance Workspace 4.5 workstation,
the contrast CT images of the 438 subjects were imported, and the
RSP was
performed by three imaging physicians with more than 5 years
three additional
specialists with more than 10 years of imaging experience

measured. These measurement procedures were

of imaging experience, whereas imaging
participated in the measurement process as observers. Finally, the
average of the three measurements was used as the final result of
the parameters for the statistical analysis.

The measurement of each parameter is explained below. Based
on the CT plain scan images, the CT value was measured in the
region of interest in the renal parenchymal zone, and the average
value of the three regions was measured as the final renal CT
value. Based on the enhanced arterial phase images of the kidney,

CT multiplanar reconstruction (MPR) was used to reconstruct the
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cross-sectional image of the middle segment of the renal artery, and
its anterior and posterior diameters were measured as RAD. Based
on the enhanced cortical phase image of the kidney, MPR was used
to reconstruct the short-axis image through the renal hilum; in
addition, RCT at 3 points was measured in the outer cortex area;
and the average value was taken as the RCT. On the
reconstructed axial images at the level of the hilum, the distance
between the anterior edge and the posterior edge of the kidney
was defined as the RT, and the distance between the inner edge
and the outer edge of the kidney was measured as the renal
width. Based on the enhanced cortical phase images, the MPR
was used to reconstruct the coronal slices, and the distance
between the highest point and the lowest point of the kidney at
the middle RL. Based on
parenchymal phase images, we used the volume measurement

slice was measured as renal

software installed in the postprocessing workstation to measure RV.

Statistical analysis

R software (version 3.4, http://www.Rproject.org) was used for
the statistical analysis. The mean value and its 95% CI were used
to analyze the trends and reference value range of each structural
parameter of the kidneys with age. The Kendall’s rank correlation
was used to analyze the correlation between RSP and sex. The
Pearson’s correlation was used to analyze the correlation between
RSP and age, height and weight. Moreover, multiple linear
regression was used to analyze the multivariate relationships
between the RSP (RL, RW, RT, RV, RCT and, RAD) and basic
indices (sex, age, height and weight) and to establish the estimation
formula for calculating the RSP of the standard kidney. Scatter
plots were used to test the fit of the regression equation, with the
predicted values of the equation as the horizontal coordinates and
the actual values as the vertical coordinates. Differences in the RSP
between the right and left kidneys were comparatively analyzed by
using a paired-sample t test. All of the tests were considered to be
statistically significant at the significance level of P <0.05 and to be
highly significant at the significance level of P <0.01.

Results
Population data

Based on the inclusion and exclusion criteria, 107 children who
did not meet the requirements were excluded and 438 subjects aged
0-17 years with normal renal contrast CT images were included in
the study. The demographic and basic indices (sex, age, height and
weight) of the 438 included subjects are shown in Supplementary
Table S1.

The RSPs of the bilateral kidneys were accurately measured and
recorded. The necessary reasons for abdominal CT examinations
trauma (46.8%, 205/438),
abdominal pain pending investigation (24.4%, 107/438), acute
abdominal infection (mainly appendicitis) (21.3%, 93/438) and
other rare reasons (7.5%, 33/438), such as acute intestinal

included acute abdominal acute
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obstruction and foreign bodies in the digestive tract. To assess the
trends in renal structure parameters with age, the 438 children
were divided into 17 groups (with one group spanning 1 year of age).

Trends and reference range

In general, the RSP (RL, RW, RT, RV, RCT and RAD) exhibited
a dynamic increasing trend with age (Supplementary Image S1.1-
S1.6). Specifically, RT and RAD showed a steadily increasing rate
from birth to ~17 years (Supplementary Image S1.3, S1.6).
Additionally, RL, RW, RV and RCT showed rapid growth rates
from birth to ~13 years; however, their growth rates slowed down

TABLE 1 Trends and reference range of renal length with age.

Age (year) n Renal length 95% Cl
(mm, x + s)

L-kidney | R-kidney | L-kidney | R-kidney
>0, <1 30| 55.61£6.99 | 54.61+549 | 53.11~58.11 | 52.65~56.57
>1, <2 29| 6379649 | 6340504 | 61.43~66.15 | 61.57~65.24
>2, <3 25| 6850824 | 68.64£4.19 | 6527~71.73 | 67.00~70.28
>3, <4 41| 6929666 | 69.56+567 | 67.25~7133 | 67.83~71.30
>4, <5 23| 77.06+11.51 | 74.83+7.75 | 72.36~81.76 | 71.66~78.00
>5, <6 40| 7980652 | 78.10£596 | 77.77~81.82 | 76.25~79.95
>6, <7 25| 8198878 | 82.60+7.84 | 78.54~85.42 | 79.53~85.68
>7, <8 25| 85.02+7.13 | 8135%6.35 | 82.23~87.81 | 78.86~83.84
>8, <9 30 | 8535+9.53 | 8519%7.97 | 81.94~88.76 | 82.34~88.04
>9, <10 24| 8927940 | 86.85+7.25 | 85.51~93.03 | 83.95~89.75
>10, <11 30 | 92.14%£10.26 | 89.55+841 | 8847~9581 | 86.54~92.56
>11, <12 44| 9421+10.85 | 92.95+9.94 | 91.01~97.42 | 90.01~95.89
>12, <13 28| 99.05+10.36 | 98.24%883 | 95.21~102.88 | 94.97~101.51
>13, <14 2110086+ 11.94 | 99.08=9.09 | 95.76~105.97 | 95.19~102.96
>14, <15 13 | 101.18 +15.45 | 100.49 + 13.09 | 92.78~109.58 | 93.38~107.61
>15, <16 5 101.98%6.92 | 101.84+9.06 | 95.92~108.04 | 93.90~109.78
>16, <17 5 10212+813 | 101.72+8.84 | 94.99~109.25 | 93.98~109.46

TABLE 2 Trends and reference range of renal width with age.

Age (year) n Renal width 95% Cl
(mm, x + s)

L-kidney | R-kidney | L-kidney | R-kidney
>0, <1 30 | 27.12+3.84 | 2612+3.14 | 25.75~2850 | 25.00~27.25
>1, <2 29 | 30.33+2.83 | 2827+252 | 29.30~3136 | 27.35~29.18
>2, <3 25 | 30.86+2.97 | 29.10+2.81 | 29.69~32.02 | 28.00~30.20
>3, <4 41 | 31.79+4.62 | 30.40+3.86 | 30.38~3321 | 29.22~31.59
>4, <5 23 | 3381£6.09 | 32.00+425 | 31.32~3630 | 30.26~33.73
>5, <6 40 | 35744423 | 33.82+281 | 3443~37.06 | 32.95~34.70
>6, <7 25 | 37.33+3.80 | 35.18+3.99 | 35.84~38.82 | 33.61~36.74
>7, <8 25 | 3820+543 | 3574+3.09 | 36.07~4033 | 34.52~36.95
>8, <9 30 | 38.65+4.83 | 3645+327 | 36.92~4038 | 35.28~37.62
>9, <10 24 | 39.08+429 | 37.66+3.81 | 37.37~40.80 | 36.14~39.19
>10, <11 30 | 40.96+5.19 | 39.45+3.83 | 39.10~42.82 | 38.08~40.82
>11, <12 44 | 4221+495 | 39.86+4.60 | 40.75~43.68 | 38.50~41.22
>12, <13 28 | 4348+439 | 42.06+579 | 41.85~45.10 | 39.92~44.20
>13, <14 21 | 43.53£3.09 | 42.59+371 | 4221~44.85 | 41.00~44.17
>14, <15 13 | 43.68+4.11 | 4270+3.82 | 41.44~4591 | 40.62~44.78
>15, <16 5 | 43.84+269 | 43.18+229 | 41.48~4620 | 41.17~45.19
>16, <17 5 | 44.00£2.05 | 43.82+348 | 42.20~45.80 | 40.77~46.87
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TABLE 3 Trends and reference range of renal thickness with age.

Age (year) n Renal thickness 95% Cl
(mm, x + s)

L-kidney = R-kidney @ L-kidney | R-kidney
>0, <1 3200422 | 32.18+4.33 | 3049~33.51 | 30.63~33.73
>1, <2 29 | 37424241 | 37.60+2.75 | 36.54~38.30 | 36.60~38.61
>2, <3 25 | 3873+3.90 | 39.58+3.08 | 37.20~40.26 | 38.38~40.79
>3, <4 41 | 3937+296 | 40.76+3.76 | 38.46~40.28 | 39.61~41.91
>4, <5 23 | 42274450 | 4233+551 | 40.43~44.10 | 40.07~44.58
>5, <6 40 | 42.52+4.06 | 42.81+4.56 | 41.26~43.78 | 41.40~44.23
>6, <7 25 | 44.07+2.61 | 44.00+3.96 | 43.05~45.10 | 42.44~4555
>7, <8 25 | 44144504 | 44.80+3.60 | 42.17~46.11 | 43.39~46.22
>8, <9 30 | 45.82+4.03 | 4593+3.13 | 44.38~47.27 | 44.81~47.05
>9, <10 24 | 4635+5.65 | 46.95+4.73 | 44.09~48.62 | 45.06~48.84
>10, <11 30 | 48.04+3.83 | 48.79+653 | 46.67~49.41 | 46.45~51.12
>11, <12 44 | 5031£500 | 50.55+4.59 | 48.83~51.79 | 49.19~51.90
>12, <13 28 | 51.59£5.54 | 51.92+5.93 | 49.53~53.64 | 49.72~54.12
>13, <14 21 | 5263+3.05 | 53.65+4.00 | 5132~53.93 | 51.94~55.36
>14, <15 13 | 5361680 | 5421+7.13 | 49.91~57.30 | 50.33~58.08
>15, <16 5 | 5420+4.00 | 55.04%4.18 | 50.69~57.71 | 51.37~58.71
>16, <17 5 | 5452+3.05 | 5532438 | 51.84~57.20 | 51.48~59.16

TABLE 4 Trends and reference range of renal volume with age.

Renal volume 95% Cl
(cm? x + s)

L-kidney | R-kidney | L-kidney | R-kidney
>0, <1 |30 30.76+873 | 2951+7.16 | 27.03~3450 | 2645~32.58
>1, <2 29| 4376+7.79 | 41.62+861 | 40.06~47.46 | 37.53~45.71
>2, <3 | 25| 46.69+872 | 4452+7.69 | 42.42~50.97 | 40.75~48.28
>3, <4 | 41| 50.89+9.64 | 49.79+899 | 47.18~5459 | 46.33~5324
>4, <5 | 23| 61.87+1262 | 5479+10.96 | 5473~69.01 | 48.59~60.99
>5, <6 | 40  68.81+14.05 | 64.86+13.78 | 63.41~7421 | 59.57~70.16
>6, <7 | 25| 80.79+1545 | 7854+1273 | 72.70~88.89 | 71.87~8521
>7, <8 | 25| 80.12+25.12 | 7439+19.82 | 68.82~9142 | 65.48~83.31
>8, <9 |30 86.16+1662 | 80.47+1428 & 80.00~9231 | 75.18~85.76
>9, <10 |24 97.36+17.24 | 91.97+1447 | 89.39~10532 | 85.29~98.66
>10, <I1 |30 | 101.98+21.12 | 94.69+2331 | 92.72~111.24 | 84.47~104.90
S11, <12 | 44 | 114.42+26.86 | 106.76 £23.91 | 104.97~123.88 | 98.34~115.18
>12, <13 | 28 | 129.09+23.54 | 12491 £24.23 | 117.17~141.00 | 112.65~137.17
>13, <14 | 21 | 128.86+13.65 | 124.13£15.72 | 122.56~135.17 | 116.86~131.39
>14, <15 | 13 | 139.00 +38.05 | 136.24 £30.89 | 114.14~163.86 | 116.06~156.43
>15, <16 | 5 | 13751 +17.47 | 135.86 £19.02 | 122.20~152.82 | 119.18~152.53
>16, <17 | 5 | 13834+17.72 | 13743 £1557 | 125.18~147.49 | 123.78~151.08

significantly after ~13 years (Supplementary Image S1.1, S1.2,
S1.4, S1.5). Furthermore, the CT value showed no significant
trend with age (Supplementary Image S1.7), and its approximate
reference value range (95% CI) was between 34~43 HU.

The reference ranges (95% CI) of each renal structural
parameter (RL, RW, RT, RV, RCT and RAD) for all of the age
groups are displayed in Tables 1-6.

Correlation analysis

The Kendall’s analysis showed that none of the bilateral RSPs
were correlated with sex.
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TABLE 5 Trends and reference range of renal cortical thickness with age.

Renal cortical 95% ClI
thickness
(mm, x + s)

L-kidney | R-kidney | L-kidney | R-kidney
>0, <1 30 | 3.08+0.79 3.13+1.03 2.80~3.36 2.76~3.49
>1, <2 29 | 3724062 3.75 +0.64 3.49~3.94 3.52~3.99
>2, <3 25 | 4.00+0.66 4.07 £0.68 3.74~4.26 3.80~4.33
>3, <4 41 425+0.83 447 £0.81 4.00~4.51 4.22~4.72
>4, <5 23 | 4.54+0.88 457 +0.81 4.18~4.90 4.24~4.90
>5, <6 40 | 4.96+092 5.00 +0.73 4.67~524 4.78~5.23
>6, <7 25 503+ 1.16 5.30 + 1.00 4.58~5.49 4.91~5.69
>7, <8 25 5.39 +0.86 537 +0.77 5.05~5.73 5.06~5.67
>8, <9 30 | 542096 553+ 1.11 5.08~5.76 5.13~5.92
>9, <10 24 | 550+1.14 563 +0.69 5.05~5.96 5.36~5.91
>10, <11 | 30 | 577+123 574+129 5.33~6.21 5.28~6.20
>I1, <12 | 44 | 587+1.13 6.12+1.21 5.53~6.20 5.76~6.48
>12, <13 | 28 | 592+1.18 6.23+1.08 5.48~6.36 5.83~6.63
>13, <14 | 21 6.36+0.83 6.53+0.98 6.00~6.72 6.11~6.95
>14, <15 | 13 | 6424098 6.62+123 5.88~6.95 5.95~7.29
>15, <16 5 6.42 +0.80 6.64 +0.85 5.71~7.13 5.90~7.38
>16, <17 5 6.52 +0.68 6.67 +0.46 5.93~7.11 6.27~7.07

TABLE 6 Trends and reference range of renal artery diameter with age.

Renal artery 95% ClI
diameter
(mm, x + s)

L-kidney | R-kidney | L-kidney | R-kidney
>0, <1 30 | 252+076 | 2.65+0.86 2.25~2.80 2.34~2.96
>1, <2 29 | 298+093 | 298+085 2.64~3.32 2.68~3.29
>2, <3 25 | 325+1.02 | 3.06+094 2.85~3.65 2.69~3.42
>3, <4 41 | 327+1.03 | 3.15%093 2.96~3.59 2.87~3.43
>4, <5 23 | 341+096 | 326+092 3.02~3.80 2.89~3.64
>5, <6 40 | 372+164 | 3.46%1.10 3.22~4.23 3.12~3.80
>6, <7 25 | 385111 | 358+1.04 3.41~4.28 3.18~3.99
>7, <8 25 | 3.86+150 | 386+1.29 3.27~4.44 3.36~4.36
>8, <9 30 | 413+155 | 391+162 3.58~4.69 3.33~4.49
>9, <10 24 | 440112 | 413+099 3.95~4.84 3.73~4.53
>10, <11 | 30 | 444%176 | 421+133 3.81~5.07 3.73~4.69
>11, <12 | 44 | 463+130 | 436+139 4.24~5.01 3.95~4.77
>12, <13 | 28 | 471+159 | 455+156 4.13~5.30 3.97~5.13
>13, <14 | 21 | 475+101 | 472+148 4.32~5.19 4.09~5.36
>14, <15 | 13 | 502+122 | 484+075 4.35~5.68 443~5.24
>15, <16 | 5 508068 | 4.94+0.87 4.48~5.68 4.18~5.70
>16, <17 | 5 5124091 | 496093 4.32~5.92 4.15~5.77

The Pearson correlation analysis demonstrated very strong
(correlation coefficients >0.8) or strong correlations (correlation
coefficients > 0.6) between the bilateral RSP (RL, RW, RT, RV
and RCT) and age, height, and weight, respectively; moreover,
there were moderately strong correlations (correlation coefficient
>0.4) between RAD and age, height and weight, respectively, as
well as no correlation (correlation coefficients < 0.2) between CT
values and age, height and weight, respectively (Figures 1-4). In
addition, based on the level of the correlation coefficient, the
statistics also showed that height had the greatest correlation
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with the RSP (RL, RW, RT, RV and RCT), followed by age and
weight (Figures 1-4).

Multiple linear regression analysis and
estimation formulae

The multiple linear regression analysis demonstrated that
there was a significant linear relationship between the bilateral
RSP (RL, RW, RT, RV, RCT and RAD) and the variables of the
basic indices (gender, age, height and weight) (Supplementary
Tables S2, S3).

The scatter plots, which aime to test the fit of the regression
equation, showed that the scatter plots for RL, RW, RT, RV and
RCT were very close to the diagonal, which indicated that the

10.3389/fped.2023.1174310

predicted values of the equations were very close to the actual
values and ultimately indicated that the equations had a very
good fit, whereas the fit for RAD was relatively poor (Figures 5, 6).

The estimation formulae for calculating the RSP of standard
kidneys in the children were initially established, as shown in
Table 7. Overall, it can be used to provide a data reference for
the clinical evaluation of children’s renal development and
disorders.

Comparative analysis of the left and right
kidneys

The RL, RW and RV of the left kidney were larger than those of
the right kidney (with a highly significant difference), and the RAD

Left renal correlation analysis
gender age height weight
| | | |
length 0.062 / / /
width{  0.021 / / /
- 0.4
thickness -0.039 / / /
—0.2
volume 0.018 / / / =0
—-0.2
cortical thickness 0.026
-0.4
artery diameter 0.048 ' 06
-0.8
CT value -0.095 -0.124 -0.150 -0.091
-1
FIGURE 1
Correlation diagram of left renal parameters with basic indices.
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Right renal correlation analysis
gender age height weight
| | | | 1
length 0.072 0 * 0 * *
0.8
width  -0.024 / / / '
0.4
thickness<  -0.028 / / /
0.2
volume 0.015 / / / -0
--0.2
cortical thickness 0.065
artery diameter{  0.053 0.487** 0.481%* ' )
-0.8
CT value -0.081 -0.149 -0.187 -0.142
1
FIGURE 2
Correlation diagram of right renal parameters with basic indices.

of the left kidney was larger than that of the right kidney (with a
significant difference) (Figure 7).

The RCT and RT of the right kidney were significantly larger
than those of the left kidney (Figure 7).

There was no statistically significant difference in the CT value
between the bilateral kidneys (Figure 7).

Discussion

In children, the knowledge of normal reference values is
fundamental to accurately assess kidney growth and possible
disease damage. China has nearly 1/6 of the world’s child
population under

18-years-old; however, complete normal

reference values are still lacking (13). In this study, we used a

Frontiers in Pediatrics 06

large sample of CT data to initially report on the trends and the
normal reference values of each structural parameter for each age
and the estimation formulae used to calculate the RSP of
standard kidneys. These results can provide a data reference for
assessing adequate renal growth or disease injury.

Although the majority of previous reports studying kidney size
have used ultrasound, some of the disadvantages of ultrasound are
that it may lead to measurement errors that cannot be ignored,
such as the inability to adhere to standardized measurement
methods, the influence of equipment performance and software
on measurement results, the problem of intra- and interobserver
reproducibility, and the difficulty and poor accuracy of
measuring RV (10, 18). In contrast, although CT has well-known
risks, CT the problems of poor
reproducibility of ultrasound and the difficulty of measuring RV.

radiation overcomes
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Therefore, the examination method that was used in this study was
CT (rather than ultrasound), and theoretically, the normal
reference values and estimation equations of the kidney based on
the data measured by CT should have higher accuracy and
confidence than ultrasound (9, 10).

It is well known that kidney size (RL, RW, RT and RV) is
related to age, height and weight. Almost all studies have shown
that height correlates best with kidney length (10, 13, 15, 16),
and our findings support this conclusion, with height being the
most relevant factor, followed by age and weight. Our results also
showed that height correlated best with kidney width, thickness
and cortical thickness, followed by age and weight. Moreover
height, weight, age or BSA had the greatest correlation with
kidney volume in previous studies (13, 16, 17, 19, 20), and our
data support the conclusion that height has the best correlation
with kidney volume (16). However, it should be noted that our
study did not include BSA as a variable, which was mainly due
to the controversial nature of the BSA calculation formula itself
and the complexity of BSA calculations (10). As shown by our
results, the absence of a correlation between sex and kidney size
has also been confirmed by most reports, although a few reports
(12, 21). These
differences may be due to the low statistical power of a small

have determined the opposite viewpoint

number of study groups or differences in ethnicity.

Frontiers in Pediatrics

According to the maximum correlation coefficient of the
univariate analysis, previous studies have developed a number of
univariate linear regression equations to estimate kidney size,
such as kidney length and volume (13, 16, 17). Although
univariate equations are easy to calculate, their accuracy is
relatively poor. Given the accuracy of the calculations and the
relatively small number of variables, this study established
multiple linear regression equations to calculate all RSPs of the
kidney. These equations have been statistically shown statistically
to be strongly correlated between the total dependent variables
and independent variables. Therefore, we recommend the use of
multiple linear regression equations in practice to estimate the
RSP to ensure the accuracy of the calculations.

Despite the high accuracy of the reference ranges and the
estimation formulae provided in this study, there were three
points that still deserve to be highlighted when these are
clinically applied clinically to assess individual kidney size.
First, the
absolutely confirm normal or abnormal kidney size because the

reference range criteria in this study cannot
actual normal range of kidney size is relatively wide, and the
reference range was defined by a 95% confidence interval for
children.

measurement of renal size using the reference ranges or

normal Therefore, in clinical practice, CT

estimation formulae needs to be combined with other clinical
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TABLE 7 Multiple linear regression equation for each structural parameter.

Structural parameters

Renal length (mm)

Left kidney

regression equation

=1.275%gender + 0.409*age + 0.404*height —0.002*weight + 28.507

Right kidney

regression equation
=1.3*gender + 0.283*age + 0.36*height +0.112*weight + 30.619

Renal width (mm)

=—0.433*gender—0.057*age + 0.14*height +0.107*weight + 18.173

=—1.187*gender + 0.215*age + 0.081*height +0.15*weight + 21.46

Renal thickness (mm)

=—1.214*gender + 0.072%age + 0.16*Height +0.08*weight + 24.063

=—1.011*gender + 0.151*age + 0.137*height +0.105*weight + 25.817

Renal volume (cm®)

=—0.402*gender + 1.235*age + 0.521*height +0.903*weight—14.043

=—1.207*gender + 1.229%age + 0.464*height +0.875*weight—9.897

Renal cortical thickness (mm)

=—0.022*gender + 0.016*age + 0.021*height —0.02*weight + 1.905

=0.084*gender + 0.01*age + 0.023*height +0.02*weight + 1.639

Renal artery diameter (mm)

=0.051*gender + 0.015*age + 0.021*height +0.004*weight + 1.094

=0.029*gender + 0.099*age + 0.008*height —0.001*weight + 2.027

Gender: mal =1, femal = 2; age:

year; height: cm; weight: kg.

**P < 0.01, indicating that the regression equation is highly significant.

findings and/or a follow-up examination. Second, the normal
range of kidney size is a dynamic concept and should be
assessed separately for each individual based on their individual
demographic and basic indices; therefore, the calculated results
based on multiple linear regression equations may be more
accurate than the reference value range. Third, the use of RV
to assess kidney size has a higher sensitivity and accuracy than
the use of two-dimensional parameters (length, width and
thickness). This is mainly due to the individual variability of
kidney morphology and the fact that changes in two-
dimensional RSP caused by kidney disease are not as sensitive
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as changes in RV (13, 14). However, RV measurement is not
always available in some hospitals. Under such conditions, it is
still important to use two-dimensional parameters to determine
whether the kidney size is abnormal based on the reference
range of normal values.

In addition to the parameters of volume, length, width and
thickness that have been the focus of most scholars, we have
incidentally studied the pattern of age-related changes in RCT,
RAD and kidney CT values. Although the measurement of RCT's
can be used to assess renal injury (9), few articles have reported
on normal reference values for children. This study provided a
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Difference Mean and 95% CI P-value
length —o— ! 1.12(-1.78~-0.46) 0.001%*
width - HOH | -1.71(-2.06~-1.37) 0.000**
thickness r—ﬂ—i 0.49(0.11~0.87) 0.012*
volume - —a— 5 -1.84(-2.43~-1.25) 0.000**
cortical thickness b 0.13(0.04~0.21) 0.003**
artery diameter n -0.15(-0.28~-0.03) 0.018*
CT value HOH -0.05(-0.33~0.22) 0.707
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-4 -2 0 2
Difference between right and left renal
FIGURE 7
Comparison results of various parameters of the left and right kidney. *P < 0.05, significant difference between right and left renal parameters; **P < 0.01,
highly significant difference between right and left renal parameters

range of reference values for RCTs in normal children, which will
provide a more meaningful clinical reference. The RAD grows
thicker with age and correlates moderately with height, age, and
weight. The left renal artery is thicker than the right, which may
be related to the larger size of the left kidney. The normal range
of RAD values can be used to assess the degree of renal artery
stenosis due to various childhood vascular diseases (22, 23).
Moreover, kidney CT values are not related to basic indices. The
data from this study show that the CT values of the kidneys
generally range from approximately 34-43 HU (95% CI). If the
measured renal CT values are significantly different from this
range, the presence of renal pathological changes, such as
hemorrhage, inflammation, tumors and cystic lesions, should be
considered.

Although some previous studies have shown no significant
difference between the size of the left and right kidney (15), most
studies have shown that the left kidney is larger than the right
kidney, mainly in terms of kidney volume and length (12, 13). In
our study, the left kidney was also significantly larger and longer
than the right kidney; however, our study also demonstrated a
previously unreported finding that the right kidney is thicker,
and that the right kidney has a thicker cortex than the left
kidney. Although we have not found a reasonable explanation for
this interesting finding, it suggested that if the left kidney is
larger than the right kidney, it must specifically refer to the
volume, length or width of the kidney, but not to the thickness
and cortical thickness of the kidney.

There were still some limitations in this study. First, our study
was a single-center study, and these results may not fully reflect the
kidney growth patterns of children across all regions of China.
However, due to the rapid population migration and reproduction
associated with China’s rapid economic development, this may
not be a great concern. Second, we did not compare the
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magnitude of error between CT and ultrasound measurements of
kidney size, although there is no dispute that CT is more accurate
(10). Third, because of the rapid changes in organ growth during
infancy (13, 16, 24), the results of this study may not fully reflect
the details of changes in the kidneys of infants due to the small
sample size. Thankfully, there are some studies that have been
specifically performed on infants by ultrasound that can be used
as a reference (24). In addition, the absence of data for the
~18-year group and the relatively small amount of data for the
~16 and ~17-year groups in this study are relatively unfortunate.
In all, we will continue to collect relevant data and increase
the sample size in order to further improve the accuracy of the
reference values and evaluation formulas in future studies.

In conclusion, this is the first Chinese study to report on the
trends and the normal reference value of each structural
parameter for each age, and an estimation formulae was used to
calculate the RSP of standard kidneys according to large-sample
CT data aged 0-17 years. These results can provide data
references for assessing adequate kidney growth or disease
damage in Chinese children.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author/s.

Ethics statement

The studies involving human participants were reviewed and
approved by the Ethics Committee of Children’s Hospital

frontiersin.org


https://doi.org/10.3389/fped.2023.1174310
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/

Qin et al.

Affiliated to Chongqing Medical University (China), and the ethics
approval number is 2022384.. Written informed consent from the
participants’ legal guardian/next of kin was not required to
participate in this study in accordance with the national
legislation and the institutional requirements.

Author contributions

YQ, QL, and JC contributed to conception and design of the
study. YQ, XN, ZH, LT, and XH organized the database. EL
performed the statistical analysis. YQ wrote the first draft of the
manuscript. All authors contributed to the article and approved
the submitted version.

Funding

This work was supported by the Chongqing medical scientific
research project (Joint project of Chongqing Health Commission
and Science and Technology Bureau) (No.2021MSXMO059) and
The Natural Science Foundation of Chongging (No.cstc2020jcyj-
msxmX0235).

References

1. Pezeshki Rad M, Abbasi B, Valizadeh N, Hatami F, Tohidinezhad F, Gharehbaghi
Z. Evaluation of normal renal size and its influencing factors: a cross-sectional study
on the adult population of mashhad. Caspian J Intern Med. (2022) 13:623-33. doi: 10.
22088/cjim.13.3.623

2. Bevilacqua MU, Hague CJ, Romann A, Sheitt H, Vasilescu DM, Yi TW, et al. CT
Of kidney volume in autosomal dominant polycystic kidney disease: accuracy,
reproducibility, and radiation dose. Radiology. (2019) 291:660-7. doi: 10.1148/radiol.
2019181830

3. Greenbaum LA. Renal dysplasia and MRI: a clinician’s perspective. Pediatr
Radiol. (2008) 38(Suppl 1):S70-5. doi: 10.1007/s00247-007-0586-y

4. Luciano RL, Brewster UC. Kidney involvement in leukemia and lymphoma. Adv
Chronic Kidney Dis. (2014) 21:27-35. doi: 10.1053/j.ackd.2013.07.004

5. Magistroni R, Corsi C, Marti T, Torra R. A review of the imaging techniques
for measuring kidney and cyst volume in establishing autosomal dominant polycystic
kidney disease progression. Am ] Nephrol. (2018) 48:67-78. doi: 10.1159/000491022

6. Mohammad D, Baracco R. Postinfectious glomerulonephritis. Pediatr Ann. (2020)
49:€273-7. doi: 10.3928/19382359-20200519-01

7. Simms RJ, Doshi T, Metherall P, Ryan D, Wright P, Gruel N, et al. A rapid high-
performance semi-automated tool to measure total kidney volume from MRI in
autosomal dominant polycystic kidney disease. Eur Radiol. (2019) 29:4188-97.
doi: 10.1007/500330-018-5918-9

8. Bae KT, Tao C, Zhu F, Bost JE, Chapman AB, Grantham JJ, et al. MRI-based
kidney volume measurements in ADPKD: reliability and effect of
gadolinium enhancement. Clin ] Am Soc Nephrol. (2009) 4:719-25. doi: 10.2215/
CJN.03750708

9. Glodny B, Unterholzner V, Taferner B, Hofmann KJ, Rehder P, Strasak A, et al.
Normal kidney size and its influencing factors—a 64-slice MDCT study of 1.040
asymptomatic patients. BMC Urol. (2009) 9:19. doi: 10.1186/1471-2490-9-19

10. Park CW, Yu N, Yun SW, Chae SA, Lee NM, Yi DY, et al. Measurement and
estimation of renal size by computed tomography in Korean children. J Korean
Med Sci. (2017) 32:448. doi: 10.3346/jkms.2017.32.3.448

11. van Venrooij NA, Junewick JJ, Gelfand SL, Davis AT, Crumb TL, Bunchman TE.
Sonographic assessment of renal size and growth in premature infants. Pediatr Radiol.
(2010) 40:1505-8. doi: 10.1007/s00247-010-1605-y

12. Mohtasib RS, Alshamiri KM, Jobeir AA, Saidi FMA, Masawi AM, Alabdulaziz
LS, et al. Sonographic measurements for kidney length in normal Saudi children:
correlation with other body parameters. Ann Saudi Med. (2019) 39:143-54. doi: 10.
5144/0256-4947.2019.143

Frontiers in Pediatrics

1

10.3389/fped.2023.1174310

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fped.2023.
1174310/full#supplementary-material

13. Shi B, Yang Y, Li S, Ju H, Ren W. Ultrasonographic renal volume in Chinese
children: results of 1683 cases. ] Pediatr Surg. (2015) 50:1914-8. doi: 10.1016/j.
jpedsurg.2015.05.011

14. Nomasa T. The standard renal volume of Japanese boys and girls determined by
three-dimensional ultrasonography. Kurume Med J. (2001) 48:105-10. doi: 10.2739/
kurumemed;.48.105

15. Rongyviriyapanich C, Sakunchit T, Sudla C, Mungkung S, Pongnapang N, Yeong
CH. Sonographic renal length and volume of normal Thai children versus their
Chinese and Western counterparts. Clin Exp Pediatr. (2020) 63:491-8. doi: 10.3345/
cep.2019.01676

16. Otiv AS, Mehta K, Ali U, Nadkarni M. Sonographic measurement of renal size
in normal Indian children. Indian Pediatr. (2012) 49:533-6. doi: 10.1007/s13312-012-
0120-7

17. Kim ], Kim M, Lim SH, Kim J, Lee M. Length and volume of morphologically
normal kidneys in Korean children: ultrasound measurement and estimation using
body size. Korean ] Radiol. (2013) 14:677. doi: 10.3348/kjr.2013.14.4.677

18. Hammoud S, Tissier AM, Elie C, Pousset M, Knebelman B, Joly D, et al.
Ultrasonographic renal volume measurements in early autosomal dominant
polycystic disease: comparison with CT-scan renal volume calculations. Diagn
Interv Imaging. (2015) 96:65-71. doi: 10.1016/j.diii.2013.04.002

19. Raza M, Hameed A, Khan MI. Ultrasonographic assessment of renal size and its
correlation with body mass index in adults without known renal disease. ] Ayub Med
Coll Abbottabad. (2011) 23:64-8. PMID: 23272438.

20. Cao X, Zurakowski D, Diamond DA, Treves ST. Automatic measurement of
renal volume in children using 99mTc dimercaptosuccinic acid SPECT. Clin Nucl
Med. (2012) 37:356-61. doi: 10.1097/RLU.0b013e3182443{8¢

21. Sahni D, Jit I, Sodhi L. Weight and measurements of kidneys in
northwest Indian adults. Am J Hum Biol. (2001) 13:726-32. doi: 10.1002/ajhb.
1118

22. Wang ZJ, Zhu MH, Zhang L, Chen JC, Zhu LL, Liang M, et al. Renal artery
injury caused by kawasaki disease. Zhongguo Dang Dai Er Ke Za Zhi. (2016)
18:29-33. doi: 10.7499/j.issn.1008-8830.2016.01.007

23. Coleman DM, Heider A, Gordon D, Ganesh SK, Eliason JL, Stanley JC.
Histologic and morphologic character of pediatric renal artery occlusive disease.
J Vasc Surg. (2021) 73:161-71. doi: 10.1016/j.jvs.2020.02.046

24. Peters H, Weitzel D, Humburg C, Dinkel E, Blum M. Sonographische

bestimmung des normalen nierenvolumens bei neugeborenen und siuglingen.
Ultraschall Med. (2008) 7:25-9. doi: 10.1055/s-2007-1011719

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fped.2023.1174310/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fped.2023.1174310/full#supplementary-material
https://doi.org/10.22088/cjim.13.3.623
https://doi.org/10.22088/cjim.13.3.623
https://doi.org/10.1148/radiol.2019181830
https://doi.org/10.1148/radiol.2019181830
https://doi.org/10.1007/s00247-007-0586-y
https://doi.org/10.1053/j.ackd.2013.07.004
https://doi.org/10.1159/000491022
https://doi.org/10.3928/19382359-20200519-01
https://doi.org/10.1007/s00330-018-5918-9
https://doi.org/10.2215/CJN.03750708
https://doi.org/10.2215/CJN.03750708
https://doi.org/10.1186/1471-2490-9-19
https://doi.org/10.3346/jkms.2017.32.3.448
https://doi.org/10.1007/s00247-010-1605-y
https://doi.org/10.5144/0256-4947.2019.143
https://doi.org/10.5144/0256-4947.2019.143
https://doi.org/10.1016/j.jpedsurg.2015.05.011
https://doi.org/10.1016/j.jpedsurg.2015.05.011
https://doi.org/10.2739/kurumemedj.48.105
https://doi.org/10.2739/kurumemedj.48.105
https://doi.org/10.3345/cep.2019.01676
https://doi.org/10.3345/cep.2019.01676
https://doi.org/10.1007/s13312-012-0120-7
https://doi.org/10.1007/s13312-012-0120-7
https://doi.org/10.3348/kjr.2013.14.4.677
https://doi.org/10.1016/j.diii.2013.04.002
https://pubmed.ncbi.nlm.nih.gov/PMID: 23272438
https://doi.org/10.1097/RLU.0b013e3182443f8c
https://doi.org/10.1002/ajhb.1118
https://doi.org/10.1002/ajhb.1118
https://doi.org/10.7499/j.issn.1008-8830.2016.01.007
https://doi.org/10.1016/j.jvs.2020.02.046
https://doi.org/10.1055/s-2007-1011719
https://doi.org/10.3389/fped.2023.1174310
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/

	The normal reference values and estimation formulae of renal structural parameters in Chinese children based on large-sample CT data
	Introduction
	Methods
	Ethical safety
	Data acquisition
	Inclusion and exclusion criteria for the study subjects
	Measurement of RSP
	Statistical analysis

	Results
	Population data
	Trends and reference range
	Correlation analysis
	Multiple linear regression analysis and estimation formulae
	Comparative analysis of the left and right kidneys

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	Supplementary material
	References


