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PURPOSE
We aimed to find out which single measurement and/or linear regression model correlates well
with splenic volume using the orthogonal measurements approach.

METHODS

The study relied on retrospective analysis of 205 contrast-enhanced abdominal computed to-
mography (CT) examinations carried out in adult patients using a 320-detector CT system. CT
volumetry was conducted by a semi-automated, model and threshold based segmentation algo-
rithm that enables voxel-based volume calculation of abdominal organs. The orthogonal mea-
surements were carried out in axial sections by measuring the maximum diameters of spleen
projected in sagittal, coronal, and transverse planes. In addition, we calculated the diagonal di-
ameter of spleen, which is a derivative of orthogonal measurements. Statistical analysis included
calculation of interobserver agreement on orthogonal measurements, followed by model build-
ing using linear regression analysis of the measurements.

RESULTS
The interobserver agreement between two radiologists was very strong for all orthogonal mea-
surements (r >0.971). The highest model performance was detected with the diagonal diameter
(r’=0.956), followed by the superoinferior diameter (r’=0.857). Agreement statistics revealed that
the regression formula derived from the diagonal diameter outperformed that of superoinferior
diameter.

CONCLUSION

The diagonal diameter appears to be the best parameter which correlates with splenic volume,
whereas the superoinferior diameter can be an alternative in daily CT reporting practice. The
orthogonal measurements approach not only provides a high interobserver agreement, but also
the diagonal diameter can be translated into ultrasound studies.

n accurate and reproducible assessment of spleen size is of utmost importance to
determine the presence of splenomegaly, which serves as an important clinical find-
ing in the diagnosis and follow-up of certain disease states such as parenchymal
liver disease, liver congestion, infectious and inflammatory states, hematologic malignan-
cies, infiltrative diseases, among others. Follow-up of spleen size is important in monitoring
therapeutic response to the abovementioned disease states, especially if splenic rupture is
a concern (1). Imaging studies have been the mainstay in estimating in vivo size of spleen,
including ultrasonography (US), computed tomography (CT) and magnetic resonance im-
aging (MRI) (2). The sonographically detected maximum splenic length has long been used
as an indicator of spleen size; however, it does not reflect variations in shape. Therefore, as
a marker, it may be insufficient in borderline cases of splenomegaly, or in cases where a
sensitive follow-up of spleen size is necessary. The same assumption holds true for other
single unidimensional measurements obtained from CT or MR, such as craniocaudal length
of spleen.
Recently, with the advancement of liver transplantation surgery, CT volumetry of liver
has become a standard technique for preoperative assessment of total and/or future rem-
nant liver volume with an acceptable degree of error (3, 4). The updated versions of this
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technique use segmentation algorithms to
detect the borders of liver and spleen on
CT images, therefore, they can also be used
to assess splenic volume (5). The disadvan-
tages of the technique include radiation
exposure during acquisition of CT images;
and, as a postprocessing method, it is still
cumbersome and time consuming in daily
reporting practice. Therefore, researchers
are still searching to develop surrogate
markers of spleen size, which correlate
well with splenic volume on cross-section-
al images (6-11). These markers include: 1)
single unidimensional nonorthogonal mea-
surements of spleen, such as craniocaudal
length, width or thickness; 2) calculations
that use nonorthogonal measurements in
a geometric formula such as that of an el-
lipsoid; and, 3) other formula-based calcu-
lations derived from regression analyses of
the nonorthogonal measurements.

In this study, we have investigated the
potential use of orthogonal measurements,
rather than nonorthogonal measurements,
as surrogate markers of splenic volume.
This approach relies on measuring the
maximum diameters of spleen projected in
sagittal, coronal, and transverse planes. In
addition, we have investigated the poten-
tial use of another parameter, the diagonal
diameter of spleen, which is a derivative of
orthogonal measurements. Linear regres-
sion models were built to identify the rela-
tionship between these measurements and
reference splenic volumes. Our purpose is
to find out which single measurement and/
or linear regression model correlates well
with splenic volume by using a standard-
ized and reproducible method.

Methods

The study was approved by the institu-
tional ethics committee. Written informed

* Based on abdominal CT examinations of
adult patients, our study revealed that the di-
agonal diameter is the best parameter to use
as a surrogate marker for splenic volume.

* Our approach not only provides a high in-
terobserver agreement, but also the diagonal
diameter calculated from CT can be translat-
ed into ultrasonography studies.

* In daily CT reporting practice, the superoin-
ferior diameter can be an alternative to the
diagonal diameter due to the ease of mea-
surement.

consent was waived by the Institutional Re-
view Board.

Data selection

The study relied on retrospective anal-
ysis of 205 contrast-enhanced abdominal
CT examinations of adult patients (63 fe-
males, 142 males; mean age, 38.4+15.1
years; range, 19-70 years), carried out be-
tween May 2017 and December 2017. Ex-
aminations were non-randomly collected
from picture archiving and communication
system (PACS) of our hospital using the fol-
lowing selection criteria: patients over 18
years old; images acquired during the por-
tal phase; no motion artifacts that may in-
terfere with unidimensional measurements
and volumetric analysis; no lesions that may
affect the splenic contours, such as mass le-
sions, post-traumatic changes, congenital
and positional abnormalities. We used no
clinical and laboratory data as selection
criteria. Thus, considering the number of
patients referred from Gastroenterology
and Hematology clinics in our PACS, one
can assume that number of the cases with
a borderline and/or definitive splenomega-
ly, regardless of their criteria, are relatively
higher when compared with the normative
data from general population.

Image acquisition

All abdominal CT examinations were per-
formed using a 320-detector CT system (Ag-
uilion ONE, Toshiba Medical Systems). After
patients were placed in the supine and feet
first position on the couch, images were ac-
quired in portal phase, i.e., 70 seconds after
80 mL of contrast agent was administered
intravenously using a power injector (CT Mo-
tion, Ulrich GmbH and Co.) at a flow rate of
2.5 mL/s. Acquisiton parameters were: 80x0.5
mm detector collimation; 120 kV; 50-550 mA
(with automatic modulation); 512x512 matri-
ces; 1 mm section thickness; 0.8 mm section
interval; and 10 as the noise index.

CT volumetry and definitions of
measurements

After selection of the data, CT images
were transferred to a post-processing work-
station for CT volumetry and orthogonal
measurements of the spleen.

CT volumetry was conducted by a
semi-automated, model and threshold
based segmentation algorithm that en-
ables voxel-based volume calculation of
abdominal organs in CT images (Vitrea soft-
ware, Version 4.1.51, Vital Images). After the

6. January-February 2020 - Diagnostic and Interventional Radiology

initial segmentation of the spleen, images
were checked and manual corrections were
applied when necessary.

All orthogonal measurements were car-
ried out in axial sections by measuring the
maximum diameters of the spleen pro-
jected in sagittal, coronal, and transverse
planes. The diagonal diameter of the spleen
was calculated as a derivative of the previ-
ous measurements by using the diagonal
formula for a rectangular prism. See Table
1 and Fig. 1 for detailed definitions of the
orthogonal planes and measurements.

Statistical analysis

Statistical analysis included calculation
of interobserver agreement on orthogonal
measurements, followed by model building
using linear regression analysis. Interobserv-
er agreement was evaluated by intraclass
correlation coefficients between the data
independently produced by two of the re-
searchers (H.l, M.O.) in a randomly selected
small subset of patients (n=35). The data in-
cluded previously defined orthogonal mea-
surements except formula-based calculation
diagonal diameter. In the model building
phase, ordinary least squares regression
analyses were performed to obtain separate
formulae for the superoinferior (Sl), antero-
posterior (AP), mediolateral (ML) diameters
and the diagonal diameter of spleen in order
to estimate splenic volume. A square root
transformation was applied to volume to
meet the linearity assumption. Significance
of the regression model and coefficients
were tested using t and F statistics, whereas
Pearson correlation coefficient (1), coefficient
of determination (r?) and mean squared error
statistics were used to assess the model ad-
equacy. As an additional measure of model
adequacy, studentized residuals were calcu-
lated for model diagnostics. To identify the
best regression model, Akaike and Bayesian
information criteria were calculated.

Finally, the best two models, as detected
by comparison of coefficients of determi-
nation, were compared with each other.
Passing-Bablok regression analyses were
applied and Bland-Altman plots were con-
structed to assess whether a systematic
error (constant or proportional) was pres-
ent for each formula. Constant error was
assumed to be present, if the confidence
interval (Cl) for the intercept did not con-
tain the value 0. Besides, proportional error
was assumed to be present, if the Cl for the
slope did not contain the value 1. Intraclass
and concordance correlation coefficients
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Table 1. The definitions of orthogonal planes and measurements

Orthogonal planes Definition

Plane A

Plane B

Plane A at the level of measurement

Plane C

and is perpendicular to Planes A and B

Orthogonal measurements Definition

Midsagittal plane which divides vertebral body into two equal parts at the level of measurement

Coronal plane which passes tangential to posterior border of vertebral body at the midline, and is perpendicular to

Transverse plane which passes through the axial section at which spleen first appears below the dome of diaphragm,

ML diameter
AP diameter
Sl diameter

Derivative Definition

The difference between the vertical distances from Plane A to the most medial and the most lateral borders of spleen?
The sum of the vertical distances from Plane B to the most anterior and the most posterior borders of spleen®

The number of CT sections that include spleen multiplied by slice interval®

Diagonal diameter

Square root of the sum of the squares of the ML, AP and Sl diameters, i.e., VMI2 + AP? + SI2

ML, mediolateral; AP, anteroposterior; Sl, superoinferior; CT, computed tomography.
“The most medial and lateral borders of the spleen do not have to be necessarily at the same axial level. "The most anterior and posterior borders of the spleen do not have
to be necessarily at the same axial level. Includes all spleen images starting from below the dome of diaphragm (Plane C) to the lowermost tip of spleen.

Table 2. Linear regression models using the SI, AP, ML diameters and their derivative, the diagonal diameter of spleen, in estimating splenic volume

Significance of model and coefficients

Measures of model adequacy

Model selection criteria

Measurement Regression model I 73 F r P MSE AIC BIC

Sl diameter P o G 150_& 3050 3474° 120654  0926° 0857 236 93258 94253
AP diameter VVelume - 7463+ 0931 xALL 13637 22497 50588"  0845T 0715 332 107294 108289
ML diameter VValume = 3.406 + 1602 x Ml 290 1270 161.215"  0666° 0444 464 120906  1219.02
Diagonal diameter jor—_ 3406 + 1602 x ME. 1826”7  6606"  436335" 0978 0956 131 69268 70264

1000

*P<0.01;**P<0.001.

Sl, superoinferior; AP, anteroposterior; ML, mediolateral; r, Pearson correlation coefficient; r?, coefficient of determination; MSE, mean squared error; AlC, Akaike information

criteria; BIC, Bayesian information criteria.

(ICC, CCC) were calculated to test the agree-
ment between the actual volume and the
volume predicted by each formula. The
calculated coefficients were interpreted as
follows: 0-0.20 poor agreement; 0.21-0.40
weak agreement; 0.41-0.60 moderate
agreement; 0.61-0.80 strong agreement;
0.81-1.00 very strong agreement. Analy-
ses were conducted using TURCOSA Cloud
(Turcosa Analytics Ltd Co) software. A P val-
ue less than 0.05 was considered as statisti-
cally significant.

Results

Based on the calculated intraclass cor-
relation coefficients, the interobserver

agreement between two radiologists was
very strong for all orthogonal measure-
ments, i.e., the ML diameter (r=0.971; 95%
Cl, 0.943-0.985), the AP diameter (r=0.971;
95% Cl, 0.944-0.986), and the SI diameter
(r=0.996; 95% Cl, 0.992-0.998).

Ordinary least squares regression equa-
tions and model summaries built for or-
thogonal measurements are presented in
Table 2. Correlation analysis between each
orthogonal measurement and splenic vol-
ume revealed a positive, very strong and
statistically significant correlation with the
diagonal diameter (r=0.978, P < 0.05), the
S| diameter (r=0.926, P < 0.05), and the AP
diameter (r=0.845, P < 0.05), whereas a pos-

itive and strong correlation was present
with the ML diameter (r=0.666, P < 0.05)
after square root transformation. The esti-
mated coefficients in the models built for
each orthogonal measurement were found
to be statistically significant (P < 0.05). With
regard to the model performances for each
measurement, the highest performance
was detected with the diagonal diameter.
The model using the diagonal diameter
measurement explained the 95.6% of the
variability of splenic volume, clearly out-
performing the models built with other
measurements (Fig. 2). As seen in scatter
plot of the studentized residuals, most of
the observations scatter between -2 and 2
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Table 3. Passing-Bablok regression analysis and agreement statistics for the regression formula derived from diagonal and S| diameters

Passing-Bablok regression

Agreement statistics

Measurement Intercept Slope ICC CCC
Volume vs. regression formula derived from diagonal diameter
Coefficient 11.21 0.97 0.992 0.985
95% Cl (-2.59-23.76) (0.91-1.03) (0.990-0.995) (0.980-0.989)

Interpretation

No constant error

No proportional error

Volume vs. regression formula derived from S| diameter

Coefficient
95% Cl

Interpretation

Constant error is present

61.51 0.79

(42.62-82.13) (0.70-0.86)

Proportional error is present

Perfect agreement Perfect agreement

0.962 0.927
(0.905-0.944) (0.905-0.944)

Perfect agreement Perfect agreement

SI, superoinferior; ICC, intraclass correlation coefficient; CCC, concordance correlation coefficient; Cl, confidence interval.

Figure 1. a-d. Axial sections showing the measurements of the mediolateral and the anteroposterior
diameters. The mediolateral diameter is the difference between the vertical distances from midsagittal
plane (Plane A) to the most medial (a) and the most lateral borders (b) of the spleen, i.e,, it is the
difference between the AB and A'B’lines in (a) and (b), respectively. The anteroposterior diameter is
the sum of the vertical distances from the coronal plane, which passes tangential to posterior border
of vertebral body at the midline (Plane B) to the most anterior (c) and the most posterior borders (d)
of the spleen, i.e., it is the sum of the CD and C'D’lines in (c) and (d), respectively. Please note that in
both measurements, the reference splenic borders do not have to be necessarily at the same axial level.
Due to its definition, the SI diameter, which includes all spleen images starting from below the dome
of diaphragm (Plane C) to the lowermost tip of the spleen, is not included in the image. For detailed
definition of the planes and the measurements, please see Table 1.

levels and distributed randomly around the
0 value (Fig. 3).

Table 3 shows the results of the Pass-
ing-Bablok regression analysis and the
agreement statistics based on the actual
spleen size and predictions obtained from
the best two models, i.e., the model derived
from the diagonal diameter (r’=0.956) vs.
the SI diameter (r’=0.857). Agreement sta-

tistics revealed that both the regression for-
mula derived from the diagonal diameter
and the Sl diameter had perfect agreement
with the actual splenic volume; however, re-
gression formula derived from the diagonal
diameter had the highest agreement sta-
tistics (ICC=0.992, CCC=0.972) and outper-
formed the formula derived from SI diame-
ter. When we looked at the Passing-Bablok
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regression analysis results, both constant
and proportional error were present in the
formula derived from SI diameter, whereas
no systematic error was detected in formula
derived from diagonal diameter. Bland-Alt-
man plots supported our findings (Fig. 4). A
positive trend in Fig. 3b displays the system-
atic error of the Sl diameter derived regres-
sion formula.

Discussion

The aim of this study was to find out
which single measurement and/or lin-
ear regression model correlates well with
splenic volume using the orthogonal
measurements approach. Correlation co-
efficients derived from linear regression
analysis showed that the best orthogonal
measurements that could be used as a
surrogate marker for splenic volume are
the diagonal diameter (r=0.978), followed
by the SI diameter (r=0.857). Therefore,
the best regression formulas in estimating
splenic volume were the formula derived
from the diagonal diameter, followed by
the formula derived from the SI diameter.
Agreement statistics revealed that the re-
gression formula derived from the diagonal
diameter clearly outperformed the other
with no systematic error. Since calculation
of the diagonal diameter is relatively cum-
bersome, requiring measurements in all or-
thogonal planes, the SI diameter can be an
alternative in CT reporting practice. Some
of the previous researchers have produced
similiar results indicating that craniocaudal
length of the spleen correlates well with the
splenic volume (7, 8, 11). However, other
studies advocate using splenic width as the
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Figure 2. a-d. Scatter plots showing the model performances for each measurement. The highest
performance was detected with the diagonal diameter. Sl, superoinferior diameter; AP, anteroposterior
diameter; ML, mediolateral diameter; DD, diagonal diamater.

1000

20 +1.96SD

L 794

PR Mean

o i s
s 19630

-200 1326

Actual volume - DD derived regression formula (mm?)

T T T T T T T
0 500 100 1500 2000 2500 3000 3500
Actual volume (mm?)

+196D,
2635

< . Mean
e 55
. . 196,50,

2525

T T T T T T T
0 500 100 1500 2000 2500 3000 3500
Actual volume (mm?)

Figure 4. a, b. Bland-Altman plots based on the actual spleen size and predictions obtained from the
model derived from the diagonal diameter (a) and the Sl diameter (b). A positive trend in (b) displays
the systematic error of the regression formula derived from the Sl diameter. S, superoinferior diameter;

DD, diagonal diameter.

best parameter (6, 9, 10). The reason behind
the conflict may be lack of a consensus on
how to define the nonorthogonal planes of
measurement: readers should notice that
the Sl diameter in this study, which roughly
corresponds to craniocaudal length in oth-
er studies, is measured in axial planes by
counting all spleen images starting from
below the dome of diaphragm to the low-
ermost tip, not necessarily involving the
medial tip of spleen in the same coronal
plane. Similarly, splenic borders used in
measurement of the ML and AP diameters
do not have to be necessarily at the same
axial level.

How do these findings influence our
practice? In our view, the orthogonal mea-
surements approach offers two main ad-

vantages: first of all, it provides a high in-
terobserver agreement in measurements
since their definitions are dependent on
orthogonal planes of reference, rather than
vague planes. This leads to reproducible
measurements which can be reliably used.
To our knowledge, there is no single study
investigating the interobserver agreement
on CT-based nonorthogonal measure-
ments. Second, the diagonal diameter cal-
culated from CT images can be translated
into US studies, since, geometrically, this
measurement corresponds to the maxi-
mum splenic length detected on US. If it
is proven that a strong correlation exists
between both measurements, they can be
used interchangeably in initial diagnosis
and follow-up of splenomegaly.

! Stuqentized Residuals
<

10 20 30 40 50 60
Unstandardized Predicted Values

Figure 3. Scatter plot of studentized residuals
of the data. Most of the observations scatter
between -2 and 2 levels and are distributed
randomly around the 0 value.

As a future project, we would like to list
our stepwise recommendations as follows:
first, since this is a single center study, our
findings need to be externally validated.
Second, the diagonal diameter detected
on CT images should be correlated with the
sonographically detected maximum splen-
ic length to confirm the interchangeability
of both data. Finally, if the historical value of
sonographically detected maximum splen-
ic length is confirmed in the previous step,
this measurement can be used to establish
population-specific normative data with re-
gard to age, sex, body weight and length,
because US provides a radiation-free exam-
ination, which is suitable for large series of
patients.

Our study has the following limitations:
first, the study population is confined to
adult patients; second, it is necessary to
validate our findings in cases with splenic
enlargement; however, to accomplish this,
there should be consensus on an accurate
and reproducible method of measurement,
which correlates well with spleen size, so
that upper limits of the normative data
can be determined to conclude on sple-
nomegaly. Third, the number of patients
included interobserver agreement study is
limited, but since the agreement between
radiologists was very strong for all orthog-
onal measurements, we believe that it is
sufficient to reach a conclusion. Fourth, the
proposed method can be used in patients
who had already undergone CT examina-
tion; however, in other patient groups and
in patients whom follow-up of spleen size
is necessary, it is not feasible due to serial
radiation exposure.

In conclusion, based on abdominal CT
examinations of adult patients, our study
revealed that the diagonal diameter is the
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best parameter to use as a surrogate mark-
er for splenic volume. In daily CT reporting
practice, the Sl diameter can be an alterna-
tive to the diagonal diameter due to the
ease in measurement. The orthogonal mea-
surements approach in this study not only
provides a high interobserver agreement,
but the diagonal diameter calculated from
CT images can be translated into US stud-
ies, which can be used in establishing nor-
mative data in large series of patients.
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