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Abstract

Background Quantification of organ size has utility in clinical care and research for diagnostics, prognostics and surgical
planning. Volumetry is regarded as the best measure of organ size and change in size over time. Scarce reference values exist
for liver and spleen volumes in healthy children.

Objective To report liver and spleen volumes for a sample of children defined by manual segmentation of contrast-enhanced
CT images with the goal of defining normal values and thresholds that might indicate disease.

Materials and methods This retrospective study included clinically acquired contrast-enhanced CTs of the abdomen/pelvis for
children and adolescents imaged between January 2018 and July 2021. Liver and spleen volumes were derived through manual
segmentation of CTs reconstructed at 2.5-, 3- or 5-mm slice thickness. A subset of images (5%, n=16) was also segmented using
0.5-mm slice thickness reconstructions to define agreement based on image slice thickness. We used Pearson correlation and
multivariable regression to assess associations between organ volumes and patient characteristics. We generated reference inter-
vals for the 5th, 25th, 50th (median), 75th and 95th percentiles for organ volumes as a function of age and weight using quantile
regression models. Finally, we calculated Bland—Altman plots and intraclass correlation coefficients (ICC) to quantify agreement.
Results We included a total of 320 children (mean age + standard deviation [SD] = 9+4.6 years; mean weight 38.1+18.8 kg;
160 female). Liver volume ranged from 340-2,002 mL, and spleen volume ranged from 28-480 mL. Patient weight (kg)
(B=12.5), age (months) (p=1.7) and sex (female) (p = —35.3) were independent predictors of liver volume, whereas patient
weight (kg) (f=2.4) and age (months) (p=0.3) were independent predictors of spleen volume. There was excellent absolute
agreement (ICC=0.99) and minimal absolute difference (4 mL) in organ volumes based on reconstructed slice thickness.
Conclusion We report reference liver and spleen volumes for children without liver or spleen disease. These results provide
reference ranges and potential thresholds to identify liver and spleen size abnormalities that might reflect disease in children.
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organ size [2, 12]. As such, volumetry is regarded as the best
measure of organ size and change in size over time [2, 3, 13].

Organ volumetry by CT was first described in the 1970s
and allows for precise determination of organ size [14-16].
In adults, CT-based volumetric segmentation of the liver and
spleen has been shown to provide an objective and highly
accurate assessment of sizes as compared to linear measures
[2, 3]. Manual segmentation is a common method for volu-
metry and consists of drawing a binary label map on each
image. A total volume is determined by summing all labeled
voxels, and multiplying slice thickness and voxel area [3, 17,
18]. With increasing computational power and increasingly
available approaches to assist in manual segmentation, hepatic
and splenic CT-based volume determination and reporting are
likely to become more common in clinical practice for diag-
nostic and opportunistic screening purposes [5, 13].

The liver and spleen grow during childhood. Scarce refer-
ence data exist for liver and spleen volumes in healthy chil-
dren. The studies that do exist include either small samples
or lack representation across all pediatric ages [4, 9, 18-20].
Therefore, we report values for liver and spleen volumes in a
sample of children, defined by manual segmentation of con-
trast-enhanced CT images, with the goal of defining normal
values and potential thresholds that could indicate disease.

Materials and methods

This retrospective study was approved by the institutional
review board at Cincinnati Children’s Hospital Medical
Center. All research activities complied with the Health
Insurance Portability and Accountability Act.

Study participants

Children ages 2—-17 years who underwent a clinically indi-
cated CT of the abdomen/pelvis with intravenous contrast
material in the Emergency Department at Cincinnati Children’s
Hospital Medical Center between January 2018 and July
2021 and children who had CT of the abdomen/pelvis with
intravenous contrast agent performed at an outside institu-
tion and interpreted at our institution during this same period
were considered for inclusion in this study. Exclusion criteria
included (a) the presence of any reported chronic disease;
(b) height/weight outside the 5th to 95th percentiles for age
according to the Centers for Disease Control and Prevention
criteria [21, 22]; (c) laboratory abnormalities (liver enzymes
more than three times the upper normal limit or abnormal
complete blood count); (d) physical exam findings of hepato-
splenomegaly, jaundice or lymphadenopathy; (e) imaging
reports of liver or spleen abnormalities; and (f) CT examina-
tions with motion artifacts or incompletely included organs
that precluded full segmentation of the liver or spleen.

Sample selection

We extracted CT datasets from the institutional picture
archiving and communication system (PACS) for research
post-processing and analysis. We arbitrarily included 10
patients per year of age (2—17 years) and sex (male and
female), totaling 32 age- and sex-stratified groups. We
chose 2 years of age as the lower threshold given the pau-
city of CT examinations in children younger than 2 years. A
research assistant (V.P.V.A.) used an imaging report search
engine (Illuminate Insight; Softek, Overland Park, KS) to
identify children for potential inclusion, yielding 3,136
unique patients. Children were then sorted according to
age, biological sex and date of CT examination. For each
age—sex group, we consecutively screened children until 10
children of each sex were included. In total, 641 patients
were screened and 321 excluded, yielding a final sample of
320 children as detailed in Fig. 1. Race and ethnicity were
not used as sample selection variables. The same research
assistant (V.P.V.A.) then reviewed the electronic medical
record (Epic Hyperspace; Epic Systems, Verona, WI) and
CT reports for exclusion criteria. We reviewed laboratory
data, and physical exam notes when available, for the period
90 days before and after the date of the CT examination. We
also reviewed medical history summaries from Emergency

Patients aged 2-17 years
who underwent a CT in the
Emergency Department
(January 2018 - July 2021)

n=3312

}

Aim:
10 patients in each of 32
age and sex stratified
groups

|

Patients screened

n=641

Excluded (n = 321)

1. Reported chronic disease (n = 205)

2. Height/Weight outside of 5th to 95th percentiles (n = 305)
3. Reported laboratory abnormality (n = 5)

4. Physical exam abnormalities (n= 3)

5. Imaging findings of liver or spleen abnomalities (n = 35)
6. CT examinations with technical issues (n=5)

4

Final Sample

n=320

Fig. 1 Study enrollment flow diagram
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Department admission notes. Height measurements within
90 days before or after the CT examination were reviewed
for inclusion purposes, but because height is not routinely
obtained at the time of CT examination, we did not analyze
height as a predictor of liver and spleen volumes. Patient sex
and weight, which are routinely obtained, were extracted
from clinical notes on the day of the CT examination.

Computed tomography examination

All CT examinations performed at Cincinnati Children’s
Hospital Medical Center (93.8%, 300/320) had been
obtained using 16-cm z-axis coverage, 320-row detector
scanners with size-specific techniques. Portal venous phase
images were acquired 50 s after triggering at 120 Hounsfield
units (HU) in the descending thoracic aorta. All images were
reconstructed axially at 0.5-mm and either 3-mm (children
<15 kg) or 5-mm (children >15 kg) slice thicknesses, with
no gap between slices. Examinations performed at outside
institutions had been reconstructed at 2.5-, 3- or 5-mm axial
slice thicknesses with no gap.

Liver and spleen segmentation

Digital Imaging and Communications in Medicine (DICOM)
images at 2.5-, 3- or 5-mm axial slice thickness were
uploaded to post-processing software (3D Slicer, The Slicer
Community) for manual segmentation. All segmentations
were performed by one research assistant (V.P.V.A.) (Figs. 2
and 3). The intrahepatic vena cava, the portal vein in the
liver hilum and the splenic hilar vessels were excluded from
segmentation. Following segmentation, liver and spleen vol-
umes (in mL) were extracted and recorded.

Organ volume agreement

All CT data sets with overlaid segmentation masks were
reviewed and corrected, if needed, by one of two board-
certified pediatric radiologists (A.T.T. and J.R.D.), each with
more than 10 years of experience and certificates of advanced
qualification in pediatric radiology. Corrected organ volumes
were used for the final data analysis.

To define organ volume agreement based on reconstructed
image slice thickness, the same research assistant (V.P.V.A.)
performed segmentations in the same manner using the images
reconstructed at 0.5-mm slice thickness for 16 children ran-
domly selected from our included sample (one from each group
from age 2 years to 17 years; 5% of included children). These
segmentations were performed blinded to the segmentations
performed using the 2.5-, 3- or 5-mm images and were simi-
larly reviewed and corrected as needed. Agreement with organ
volumes derived from the 5-mm slice thickness images was
quantified based on the reference standard of 0.5-mm images.
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Fig.2 Representative liver and spleen manual segmentation in a
2-year-old boy with suspected appendicitis. a, b Axial 5-mm-thick
CT images show liver and spleen without (a) and with (b) organ seg-
mentation (liver is green, spleen is pink). Liver volume was 557 mL
and spleen volume was 109 mL

Statistical analysis

We performed a descriptive analysis of demographic and
clinical data to summarize sample characteristics. We sum-
marized liver and spleen volume measures using means,
medians, standard deviations (SDs) and interquartile ranges
(IQRs), as appropriate. For the primary analysis, we used
Pearson correlation to assess univariable associations
between organ volumes and patient characteristics (age and
weight). We used multiple linear regression modeling with
forward variable selection to generate models for predict-
ing organ volumes based on patient characteristics (age,
weight and sex). Variables were allowed to enter the model
if P<0.05 and were dropped from the model if P>0.1. We
calculated Bland—Altman plots, intraclass correlation coef-
ficients (ICC) and percentage differences (absolute differ-
ence/total volume at 0.5-mm slice thickness) to quantify
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Table 1 Clinical indications for CT examination, n=320
CT examination indication n
- Right lower quadrant pain/suspected appendicitis 155 (48%)
- Abdominal trauma 90 (28%)
- Diffuse abdominal pain 51 (16%)
- Suspected colitis 7 (2%)
- Suspected intestinal obstruction 5 (2%)
- Suspected abdominal abscess 2 (2%)
- Other® 10 3%)

Fig.3 Representative liver and spleen manual segmentation in a
17-year-old girl with abdominal pain. a, b Axial 5-mm-thick CT
images show liver and spleen without (a) and with (b) organ segmen-
tation (liver is green, spleen is pink). Liver volume was 1,047 mL and
spleen volume was 185 mL

agreement between organ volumes acquired with CTs recon-
structed at different slice thicknesses [23].

We used quantile regression analysis to plot liver and
spleen volumes as a function of patient age and weight. This
method most completely characterizes the distribution of the
data across the study sample. We generated reference inter-
vals with regression models for the 5th, 25th, 50th (median),
75th and 95th percentiles of the organ volumes as a func-
tion of age and weight, and we provide regression formulas
for prediction of volumes. We reviewed study sample organ
volume scatter plots with overlaid quantile regression curves
for outliers, with outliers defined as volumes outside the 95th
and 5th quantile regression plots; then we reviewed images
and medical records for each outlier to confirm the absence
of exclusion criteria. All statistical analyses were performed
with MedCalc Statistical Software version 20.009 (MedCalc
Software Ltd., Ostend, Belgium) and GraphPad Prism version
8.0.0 for Windows (GraphPad Software, San Diego, CA). A
P-value <0.05 was considered statistically significant.

# Other indications for CT included ascites, right upper quadrant pain,
left lower quadrant pain, left upper quadrant pain, suspected intestinal
volvulus and suspected inguinal hernia

Results
Study sample characteristics

A total of 320 children and adolescents (160 boys, 160 gitls)
were included in this study as detailed in Fig. 1. Mean age + SD
was 9+4.6 years, with a range of 2—17 years, and mean weight
was 38.1+18.8 kg, with a range of 10.0-86.2 kg. The most
common specific indications for CT examination were right
lower quadrant pain/suspected appendicitis (48%, 155/320),
abdominal trauma (28%, 90/320), and diffuse abdominal pain
(16%, 51/320) (Table 1).

Liver and spleen volume

Liver volume in the study sample ranged from 340-2,002 mL,
with a median of 424 mL at 2 years of age and 1,343 mL at
17 years of age. Spleen volume in the study sample ranged
from 28—480 mL, with a median of 58 mL at 2 years of age and
225 mL at 17 years of age.

Effects of slice thickness on segmented volumes

The 16 sets of images segmented from both 0.5-mm and
5-mm thickness reconstructions showed excellent absolute
agreement in liver volumes, ICC=0.999 (95% confidence
interval [CI]: 0.998, 0.999) and spleen volumes, [CC=0.997
(95% CI: 0.991, 0.999). On Bland—Altman analysis, the
mean difference in liver volumes was —4.6 mL (95% lim-
its of agreement: —34.8 to +25.6 mL) with proportional
bias manifest as increasing bias with increasing liver vol-
ume (P=0.03). The percentage difference for liver volumes
ranged from —1.5% to +2.6%. For spleen volumes, the mean
difference was +4.0 mL (95% limits of agreement: —8.9 to
+16.8 mL) without proportional bias. The percentage differ-
ence for spleen volumes ranged from —3.9% to 8.1% (Fig. 4).
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a Table 2 Multivariable predictors of liver and spleen volumes
40 +
r Characteristic B coefficient P-value®
o S0F +1.96 SD
E 2 I ° © 256 Liver volume (mL)
E I 5 Age (months) 1.7 <0.001
L Weight (kg) 125 0.02
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600 BOMO 1f030 01200 1‘;08 15600 . 18?_0 2000 patient weight with a p coefficient of 2.4 (P<0.001) and
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age (months) with a p coefficient of 0.3 (P=0.04) (Table 2).
b Sex was not independently associated with spleen volumes
8F (P>0.15).
E 201 . .
c +1.96SD Liver volume quantiles
g 15 16.8
£ ° °
w10 T . ° Quantile regression analysis of liver volume according to
s LT ° M patient characteristics is detailed in Fig. 5 and Table 3. For-
a B G © ean . . .
* S 4.0 mulas to estimate liver volume reference intervals based on
E 0= - weight and age are provided in Table 4. Formulas are also
© 5L o provided using only age as the predictor. Lookup tables of
5 1o -1.96 SD liver volumes as a function of age and sex, based on the
2 o 8.9 quantile regression curves, are available as Online Supple-
7 .
L mentary Materials 1 and 2.
-20 I 1 1 1 1 1 1
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Mean of Spleen 0.5 mm and Spleen 5 mm in mL

Fig.4 Bland-Altman plots. a, b Mean liver (a) and spleen (b) vol-
ume differences between segmentations performed on 0.5-mm and
5-mm slice thickness images. For liver, proportional bias manifested
as increasing bias with increasing liver volume (P=0.03)

Uni- and multivariable predictors of liver volumes

We found a strong positive correlation between liver vol-
umes and patient weight (r=0.91 [0.89 to 0.93]; P<0.001)
and age (r=0.89 [0.86 to 0.91]; P<0.001). Using multi-
variable modeling, independent predictors of liver volumes
were patient weight with a f coefficient of 12.5 (P=0.02),
age (months) with a  coefficient of 1.7 (P<0.001) and sex
(female) with a p coefficient of —35.3 (P<0.001) (Table 2).

Uni- and multivariable predictors of spleen volumes
There was a strong positive correlation between spleen vol-

umes and patient weight (r=0.74 [0.68 to 0.78]; P<0.001)
and age (r=0.72 [0.66 to 0.76]; P<0.001). At multivariable
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Spleen volume quantiles

Quantile regression analysis of spleen volume according to
patient characteristics is detailed in Fig. 5 and Table 3. Formu-
las to estimate spleen volume reference intervals are provided
in Table 4. Lookup tables of spleen volumes as a function
of age and sex, based on the quantile regression curves, are
available as Online Supplementary Material.

Outlier analysis

Based on quantile regression of liver and spleen volumes
as a function of age and of weight, 32 values were outliers
for liver volume (10%, 32/320) and 30 for spleen volume
(9.3%, 30/320). No technical or documented clinical or
pathological reason was identified to explain these outliers.

Discussion

Volumetric segmentation of the liver and spleen from
cross-sectional imaging, with either manual or automated
tools, provides a highly accurate assessment of organ size
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points below the 5% quantile or above the 95% quantile lines for age and weight represent children with outlier volume measurements

and is considered the reference standard for organ size
assessment [2, 3]. Adult studies have provided reference

values for liver and spleen volumes [1,

3, 24] but sparse

data have been reported for children. Data for children are
particularly important because the liver and spleen grow

during childhood, necessitating age- and size-specific
reference ranges. In this retrospective study, we provide
reference intervals for liver and spleen volumes through-
out childhood derived from a carefully selected sample
of children and adolescents with no known condition that
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Table 3 Quantile regression for liver and spleen volumes

5Sth percentile® 50th percentile® 95th percentile®
Characteristic Coefficient P-value® Coefficient P-value® Coefficient P-value®
Liver volume (mL)
Age (months) 0.9 (-0.2,2.1) 0.12 1.6 (0.7, 2.4) <0.001 32(04,6.1) 0.03
Weight (kg) 10.8 (6.9, 14.6) <0.001 12.9 (10.1, 15.7) <0.001 13.4 (3.1, 23.8) 0.01
Intercept 199.3 (175.8, 222.8) <0.001 218.3 (183.7,253.0) <0.001 237.3 (166.5, 308.1) <0.001
Spleen volume (mL)
Age (months) 0.1 (-0.3,0.5) 0.54 0.3 (-0.2,0.7) 0.23 1.1 (-0.6,2.8) 0.22
Weight (kg) 1.2 (-0.1, 2.5) 0.06 2.5(1.1,3.9) <0.001 2.2(-24,6.9) 0.35
Intercept 21.2(7.3,35.1) 0.003 20.2 (9.8, 30.6) <0.001 27.1(6.4,47.7) 0.01

Data in parentheses are 95% confidence intervals
bp_value <0.05 is significant (bold)

Table 4 Formulas to estimate reference intervals of the liver and spleen volumes

Organ volume

Formulas for reference intervals

Lower reference limit
(5" percentile)

Standard volume
(50" percentile)

Upper reference limit
(95" percentile)

Liver volume (mL) Preferred formula (0.94 X age [months]) +
(10.75 x weight [kg]) +

199.34

Substitute formula® (3.74 X age [months]) + 227
(0.11 x age [months]) + (1.23  (0.26 x age [months]) + (2.5 X

Spleen volume (mL) Preferred formula
x weight[kg]) + 21.17

Substitute formula® (0.49 X age [months]) + 20.94 (0.95 X age [months]) + 27.4

(1.59 x age [months]) + (12.92
x weight [kg]) 4+ 218.34

(3.24 x age [months]) + (13.40 x
weight [kg]) + 237.28

(5.46 x age [months]) + 238.73  (7.17 X age [months]) + 283.89

(1.09 x age [months]) + (2.21 X
weight [kg]) + 27.09

(1.94 x age [months]) + 21.22

weight [kg]) + 20.18

If patient weight is unavailable at exam interpretation, substitute formulas are provided

might impact liver or spleen volume. In our sample, liver
volumes ranged from 340-2,002 mL and spleen volumes
ranged from 28-480 mL, with increases in both organs
throughout childhood. Patient age, weight and sex were
independent predictors for liver volumes, whereas patient
weight and age were independent predictors for spleen vol-
umes. These results provide reference ranges and potential
thresholds to identify liver and spleen size abnormalities
that might reflect disease in children.

The patient-specific predictors of liver volume identified
in our study are concordant with the literature. In a study of
54 adolescents and young adults from Japan with no known
liver disease, Noda et al. [9] showed liver volume derived
from CT to be positively correlated (r=0.93) with patient
age through adolescence. Additionally, liver volume had a
strong positive correlation with body weight (r=0.96). In
an autopsy study of 388 Caucasian children and adolescents
ages 0 to 16 years without known liver disease, Herden et al.
[25] found that body weight and body length were independ-
ent predictors of liver volumes, and the authors proposed a
formula for standard liver volume using patient weight and
length. Furthermore, in a prospective study of 744 pediatric
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patients from a Chinese cohort with no known liver disease
who underwent upper abdominal CT, Yang et al. [4] showed
liver volume to have a strong correlation with age (r=0.90)
and weight (r=0.95) and reported formulas for median
liver volume based on body surface area. In that study,
median liver volumes at 2 years and 17 years of age were
392 mL and 1,181 mL, respectively, compared to 424 mL
and 1,343 mL in our study. This volumetric disparity could
be attributed to differences in sample size, geography and
methodology for liver volumetry estimation (manual seg-
mentation in our study versus semi-automated software in
the prior study). An important limitation of the prior study is
that it did not exclude children with weight or height outside
the normal percentiles for age and did not provide quan-
tile thresholds to allow identification of outliers potentially
indicative of disease. Finally, similar to prior pediatric [4]
and adult [3] studies, our work found that sex had an associa-
tion with liver volume.

In our analysis, spleen volumes were highly correlated
with patient age (r=0.72) and weight (r=0.74), while the
latter was the strongest independent predictor in multivariate
analysis. These results are concordant with prior literature.
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In a study of 48 children and adolescents from a U.S. cohort
with no known disease, Schlesinger et al. [19] showed spleen
volumes to correlate better with body weight than with age.
Similarly, in a retrospective study of 49 Japanese children,
Watanabe et al. [18] demonstrated that the best predictor of
spleen volumes was body weight, with better correlation
than patient age.

Compared with prior studies, our study could be considered
limited because we did not collect height, race or ethnicity as
predictor variables, and we did not collect data into adulthood
to characterize the known plateau in liver and spleen volumes
that occurs with age. Weight is routinely collected as part of
performing CT examinations at our institution to appropriately
dose intravenous contrast material and age is readily known,
making these useful variables with which to stratify patients.
However, height is not routinely collected in our practice and
might not be collected in other practices, making it less useful
as a stratification variable in clinical practice. Regarding race
and ethnicity, some studies have linked these variables to liver
and spleen volumes [3, 9, 10, 12, 18, 26, 27]. However, to
our knowledge, no defined biological reason exists to believe
that self-reported race or ethnicity would impact organ size
independent of age or patient size [28]. Any potential interplay
among race, ethnicity, social determinants of health, and organ
volume were not explored in this work.

Use of relatively thick (2.5-5 mm) axial images, which
less perfectly represent the contours of the liver and spleen
and might less accurately characterize volume because of
partial volume effects, could be considered an additional
limitation of our study [29]. However, in agreement with
a prior study by Hori et al. [30], our analysis of a subset of
segmentations performed using both 0.5-mm- and 5-mm-
thick image slices showed excellent agreement and minimal
absolute difference in extracted volumes, on the order of
4 mL larger for 0.5-mm segmentations for both liver and
spleen. These differences are unlikely to be of clinical sig-
nificance, and use of thick-slice images is more applicable
to clinical practice given the laboriousness associated with
segmenting 0.5-mm images [13]. Future work utilizing auto-
mated or deep-learning-based algorithms might reduce the
laboriousness of segmentation, allowing use of thinner-slice
images as part of routine clinical work [2, 3, 5, 13].

Further limitations of our study include a sample derived
from emergency visits, which might mean less complete
medical records, potentially missing the presence of chronic
diseases that could affect liver and spleen volumes. Addi-
tionally, a fraction (28%) of our sample was imaged fol-
lowing abdominal trauma, which has been related to both
increases and decreases in splenic volume and thus might
have skewed our results [31, 32]. Finally, all included exami-
nations were enhanced with intravenous contrast material,
preventing exclusion of “silent” hepatic steatosis, which
could have biased liver volumes.

Conclusion

Based on manual segmentation of a carefully selected
sample of children and adolescents without known liver or
splenic disease, we report reference volumes for liver and
spleen in the pediatric population. Further work is needed to
validate these reference values in larger populations and to
test Sth and 95th percentile thresholds for identifying liver
and spleen pathology.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00247-022-05551-z.
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