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Background: The Tada formula has been used widely for assessing intracerebral hemorrhage (ICH)
volume. However, it is only suitable for calculating regular and small volume hematomas. Therefore, we
attempted to improve the formula to increase its accuracy and maintain its efficiency.

Methods: Computed tomography (CT) data of 15 balls of different shapes filled with predetermined
volumes of water were collected to verify the high accuracy of FireVoxel in measuring the volume. CT data
from 329 patients with ICH from two different hospitals grouped by hematoma shape and volume were
retrospectively reviewed. The distinctly shaped ICH volumes of 245 patients from one of the hospitals were
estimated using FireVoxel and the Tada formula grouped by the hematoma shape and volume. Taking the
hematoma volumes measured by FireVoxel as the reference standard, the accuracy and reliability of the Tada
formula were evaluated. Polynomial fitting was employed to determine the associations of the values calculated
between the Tada formula and FireVoxel. Then, a corrected Tada formula (C-Tada formula) was produced,
and the limits of agreement between the C-Tada formula and Tada formula were analyzed with Bland-Altman
analysis. The C-Tada formula was validated by the CT data of 84 patients from another hospital.

Results: The volume measured by FireVoxel can be set as the reference standard. The ICH volume
calculated by the Tada formula was significantly greater than that calculated by FireVoxel for different shapes
and volumes. The percentage deviation between the volumes calculated by FireVoxel and the Tada formula
was also statistically significant and influenced by ICH shape and volume. The limits of agreement between
the C-Tada formula and FireVoxel were tighter than those between the Tada formula and FireVoxel. The
percentage deviation of the C-Tada formula calculation from the FireVoxel estimate was greatly reduced

relative to that for the Tada formula for each group.
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Conclusions: The C-Tada formula is more clinically valuable than the Tada formula, given its sufficient

efficiency and greater accuracy and reliability in ICH volume calculation.
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Introduction

Intracerebral hemorrhage (ICH) refers to hemorrhage
caused by rupture of blood vessels in the brain parenchyma
and the subsequent entry of blood into the ventricles (1,2).
ICH is the most severe type of stroke (3), and the number
of hospital admissions for ICH has increased worldwide (4).
According to relevant statistics, 30% of survivors of ICH
have various degrees of sequelae (5,6). The disease can
have a serious impact on the patient’s quality of life, and
early accurate assessment of the condition and timely
treatment are of great importance to patient prognosis.
The amount of bleeding is a convenient, reliable, and
independent predictor of the prognosis for these patients
(7-9). The Tada formula, also known as the ©/6ABC
formula, was developed for calculating hematoma volume.
For the convenience of clinical practice, the Tada formula
is simplified and modified into 1/2ABC, which is widely
used. However, 1/2ABC is relatively accurate when
measuring hematoma volume with a regular hemorrhage
shape, but when it is irregularly shaped—as is typically the
case—1/2ABC will overestimate the size of the hematoma
volume. Therefore, researchers reported that 1/3ABC
is better suited for calculating irregular hematomas.
Although 1/3ABC is more accurate than 1/2ABC when
the shape of the hematoma is irregular, the volume of the
hematoma may be underestimated by 1/3ABC (10). Other
modifications have also been described, such as 1/2SH,
2/3SH, and 2.5/6ABC (11); however, modifications have
not been widely used in clinical practice and still need
further study. Although the Tada formula can be used to
quickly estimate the hematoma volume, the calculation
error by the Tada formula will affect clinical decision-
making, such as prognostication or surgery planning.
Computer-aided volume measuring tools are gradually
being developed, including 3D image reconstruction
software and some artificial intelligence software. 3D
image reconstruction software, such as FireVoxel, Analyze
and 3Dslicer, have high accuracy in measuring hematoma
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by manually delineating the segmented hematoma on
each CT slice and can be used as the gold standard for
measuring hematoma volume. Artificial intelligence
software developed by deep machine learning algorithms
can automatically segment hematomas, greatly reducing
hematoma segmentation time. Unfortunately, 3D
reconstruction software needs to manually delineate the
hematoma area on each CT slice, which is time-consuming
and not suitable for emergency ICH hematoma volume
measurement. Artifacts of CT images caused by metal,
motion, and noise will also greatly reduce the accuracy
of automatic segmentation hematoma algorithms while
using artificial intelligence software to measure the ICH
hematoma volume. In addition, these software programs
are not integrated with the hospital imaging system and
cannot directly obtain the original format of CT images.
Hence, it is essential to investigate a simpler, more
accurate, and more reliable approach for calculating the
ICH volume. FireVoxel is a free medical image texture
analysis and processing platform (https://wp.nyu.edu/
FireVoxel) and can be used for 3D image reconstruction,
visual analysis, and volume measurement (12).

Using FireVoxel to calculate the volume of hematoma
mainly depends on the manually delineated hematoma
area, and there is no absolute gold standard for the
calculation of these hematoma volumes. To demonstrate
the high accuracy of FireVoxel in measuring the volume,
the predetermined volume of water was injected into balls
of different shapes, and the water volume was calculated
by delineating the ball CT images using FireVoxel,
which was similar to the hematoma volume calculation.
The measurement value of FireVoxel was set as the gold
standard. We then explored the correlation between the
volume measured by the Tada formula (1/2ABC for regular
shape and Tada 1/3ABC for irregular shape) and FireVoxel
by polynomial fitting to produce a corrected Tada
formula (C-Tada formula) for measuring the ICH volume
with sufficient convenience and accuracy. We present
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this article in accordance with the GRRAS reporting
checklist (available at https://qims.amegroups.com/article/
view/10.21037/qims-22-1084/rc).

Methods
Experimental materials

Given that the ICHs are typically of different shapes, 15
empty balls were put into boiling water to be squeezed with
external force into irregular shapes to simulate ICHs. Then,
water with an accurately measured volume was injected to

completely fill each ball.

Clinical materials

A total of 329 patients (age 12-90 years) with spontaneous
ICHs of different shapes were enrolled from July 2017 to
March 2019. The imaging data of 245 patients admitted
to Tianjin Medical University General Hospital were set
as a training dataset, and the imaging data of 84 patients
admitted to the Affiliated Hospital of Xuzhou Medical
University were set as a test dataset. Inclusion criteria:
(I) differing degrees of clinical symptoms; (II) brain CT
examination findings available within 24 hours of symptom
onset. Exclusion criteria: (I) traumatic ICH; (II) hemorrhage
secondary to aneurism or arteriovenous malformation;
(IIT) intraparenchymal tumor hemorrhage; (IV) epidural or
subdural hematoma.

Imaging study

The imaging data of 15 ball and 329 patient brain CT scans
(64-slice, GE Healthcare, Chicago, IL, USA) were obtained
through the hospital picture archiving and communication
system (PACS) and saved in Digital Imaging and
Communications in Medicine (DICOM) format. The
section thickness of the ball and brain C'Ts were 5 mm (with
no gap), the window width was 80 HU, and the window
level was 35 HU. Additionally, basic information affecting
the images, including the location, shape and level of the
hematoma, was recorded. The CT images were reviewed
independently by two experienced neurosurgeons (Dr.
Tian and Dr. Gao) blinded to the data. Ball and hematoma
volumes were calculated as follows: (I) FireVoxel method:
FireVoxel image processing software was used to import
the CT image data (in DICOM format). Then, the
“load 3D” command was clicked, and after selecting the
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parameters (1,024x485), the areas of the hematoma in
each slice were outlined by hand. Finally, by clicking “ROI
Stats 3D?”, the results were exported; (II) Tada formula
method: The Formula V = 1/2xAxBxC (for regular shape)
and 1/3xAxBxC (for irregular shape), where A (mm) is
the maximum hematoma length, B (mm) is the maximum
width perpendicular to A (mm) determined on the slice of
maximal area, and C is the depth of the hematoma. The
interrater variability of using FireVoxel and Tada formula to
measure the volume of ICH and the interrater agreements
on categorizing the shapes of hematoma were estimated by
two experienced neurosurgeons through 200 patient brain
CT images. Although there was low interrater variability
(Table S1) between the two experienced neurosurgeons
in the volume measurement, the results of the hematoma
volume calculation from the two neurosurgeons were
averaged to reduce deviation. Although there was high
interrater agreement on categorizing the shapes of
hematoma (Table S2), cases of disagreement on hematoma
shape reviewed by the two neurosurgeons (Dr. Tian and Dr.
Gao) existed. In cases of disagreement, professor Jiang, who
is an experienced neurosurgery expert, made a joint decision
with the two neurosurgeons (Dr. Tian and Dr. Gao).

Ball and bematoma groups

Hematomas were also categorized into two groups using
the 5-point category scale approach and the size of the
largest ICH slice (13): (I) shape categories 1 and 2 (round,
ellipsoid or oval) were designated as the regular group; (II)
shape categories 3 to 5 (irregular, separated, multilobar,
cauliflower shaped, etc.) were designated the irregular
group (Figure S1). The ball images were grouped by shape:
Regular group (n=5), Irregular group (n=10). Similarly,
the hematoma images were also grouped by shape: regular
group (training dataset, n=135; test dataset, n=42) and
irregular group (training dataset, n=110; test dataset, n=42).
The volumes of the hematomata were divided into groups
according to the Fuji standard (14) and based on volume
measured by the Tada formula: <30 mL group (training
dataset, n=162; test dataset, n=39), 30-60 mL group
(training dataset, n=65; test dataset, n=34), and >60 mL
group (training dataset, n=18; test dataset, n=11).

Polynomial regression model

The polynomial regression model was employed to correct
the Tada formula as follows:
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y(ew)=200 W [1]
where 7 is the degree of the polynomial, or the highest or
the greatest power of variable x, ' denotes the j-th power
of x, and w; is the coefficient of ¥ If each w; and m are
determined, one can obtain the corrected Tada value y by
taking the value from the original Tada formula as input x.

Estimation of m and w;

To estimate 7 and w;, for (n+t) patients, we used the
hematoma volume of patient 7 calculated by both the Tada
formula and FireVoxel, denoted as x; and y,, respectively,
and the pair (x;,y,), i=1,...,7 to estimate each w; as follows:

y,.:zjzow/xf, i=1,...,n [2]

The equations above can be rewritten in matrix form as

follows:
m-1 m
i L x - x X Wo
m-1 m
b2 I x, - x X, W
=| : e : : : [3]
m—1 m
Y Lox o x x| W
Y Lox, - x x| W
m-1 m
1 x X, X,
m-1 m
1 x, X, X,
where X = : : : | is the Vandermonde
m-1 m
l xn—l o xn—l xn—l
m-1 m
1 x, - x X,

matrix and ¥ e R, according to the least-square
estimation method. After some manipulations, the
polynomial coefficient W:[wo,wl,---,wmfl,wm]r can be
estimated according to the following formula:
W=(XTrX) *XT ey [4]
where Y=[y1,y2,---,yn,l,y,,]r , and T denotes the
transposition operation.

Suppose there are some other values (%), k=1,
; we can employ these values to estimate the optimal 7 in
Eq. [1]. Suppose 7 is fixed to, for example, 10; then, the
polynomial coefficients W, w,":*,W,_;,W, can be estimated
via Eq. [4] based on (x,¥),i=L--,n. Thus, for each
x,,k=1,---,¢, one can obtain an estimated V... based on the
estimated polynomial coefficients, and the root mean square
error (RMSE) can be calculated as follows:

RMSEfG*Z’k:,(ﬁm % )2) 5]
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Clearly, RMSE,, depends on the degree of the
polynomial, i.e., 72. The value of 7 that minimizes RMSE,,
when 7 is in a particular range, for example, from 1 to
100, is the optimal value we need. However, the optimal 7
chosen in this way will yield very high-order polynomials
that lead to overfitting. To overcome this issue, we only
focus on low-order polynomials, i.e., polynomials of first
order or second order. In most cases, the optimal criterion
described in Eq. [5] yields low-order polynomials as well.
In this way, the problem of overfitting can be overcome
successfully.

Statistical analysis

Data were analyzed using Graph Pad v 8.0d (GraphPad
Software, San Diego, CA, USA) or the SPSS 24.0 software
package (SPSS Inc., Chicago, IL, USA). As most data were
nonnormally distributed, measurement data are reported
as the median with interquartile range (IQR) and were
compared with the Wilcoxon matched-pairs signed rank-
test for two related samples, the Kruskal-Wallis H test for
multiple independent samples, and the Mann-Whitney U
test for two independent samples. Correlation coefficients
between volumetric assessments were performed with
Spearman’s test. Interrater agreement and variability tests
were analyzed using the Cohen kappa coefficient and
intraclass correlation coefficient. Furthermore, the degree
of agreement between each of the two methods (Tada
formula and C-Tada formula) and FireVoxel (standard) was
evaluated using Bland-Altman test plots. The effects of the
different estimation methods on hematoma volume and the
percentage deviations are shown using box plots. A value of
P<0.05 was considered statistically significant.

Ethical statement

The study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013). This study was
approved by the Institutional Ethics Committee of Tianjin
Medical University General Hospital, and all participants
provided written informed consent.

Results

The volume measured by FireVoxel can be set as the
reference standard

Relative to the volume of the premeasured water in the
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Figure 1 Accuracy evaluation of FireVoxel in measuring volume. (A) Balls of different shapes injected with water; (B) CT images of the balls;

(C) water volume injected and measured by FireVoxel and the Tada formula; (D) percentage deviation of the FireVoxel and the Tada formula

estimates from the standard measurement (water volume injected); (E,F) correlation coefficients for water volume measured by the FireVoxel

and Tada formula versus absolute amount of water volume were 0.999 and 0.971, respectively. *, P<0.05. CT, computed tomography.

balls (Figure 1A4,1B), the median volumes of the actual water
content (standard), FireVoxel estimation and Tada formula
estimation were 23.00 mL (IQR, 19.00 mL), 24.90 mL (IQR,
18.50 mL), and 28.50 mL (IQR, 13.65 mL), respectively.
There were significant differences among the actual volume,
the FireVoxel-estimated volume and Tada formula-estimated
volumes (P=0.007) (Figure 1C). The percentage deviation in
the volume calculated by FireVoxel (median, 4.23%; IQR,
14.80%) was significantly lower than that calculated by the
Tada formula (median, 14.64%; IQR, 59.07%) (P=0.041)
(Figure 1D). Correlation (Spearman’s) coefficients for water
volume measured by the FireVoxel and Tada formula versus
absolute amount of water volume were 0.999 and 0.971,
respectively (Figure 1E,1F). These results demonstrate that
the measurements obtained by FireVoxel can be set as the
standard to derive the C-Tada formula.

The accuracy of the Tada formula is influenced by the
shape and volume of the hematoma

The hematoma volume was measured by the Tada formula
and FireVoxel (Figure 2A4-2K). The hematoma volume
measured by Tadal/2ABC was significantly greater than that
calculated by FireVoxel for the Regular group (P<0.001),
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and the opposite result was obtained in the irregular group
(P<0.001). In addition, the hematoma volume calculated by
FireVoxel was significantly different from that calculated
by the Tada formula for each group divided by volume
(<30 mL: P=0.021; 30-60 mL: P<0.001; >60 mL: P<0.001)
(Table 1, Figure 34,3B). Furthermore, the percentage
deviation from FireVoxel was significantly different among
the Regular and Irregular groups (P<0.001); similar results
were obtained for the volume groups (P<0.001) (7able 2,
Figure 3C,3D). These results suggest that the Tada formula
should be corrected according to the shape and volume of
the hematoma.

Measurement data corvected by polynomial fitting
formulas show better consistency and greater accuracy

Using polynomial fitting to compare the volume measured
by the Tada formula (Tada 1/2ABC for regular and Tada
1/73ABC for irregular) (X, mL) and FireVoxel (Y, mL), we
obtained the following formulas:

Polynomial fitting formulas grouped by shape:

Regular:

Y =0.001* X +0.8858* X +0.2668

Quant Imaging Med Surg 2023;13(7):4268-4283 | https://dx.doi.org/10.21037/qims-22-1084
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Figure 2 Calculation process of the Tada formula and FireVoxel in measuring the volume of hematomas of different shapes. (A-E) Volume of
hematomas of different shapes as measured by the Tada formula; the letters in image (B): a, the maximum hematoma length; b, the maximum
width perpendicular to “a” determined on the slice of maximal area; c, the depth of hematoma. (F-H) Volume of hematomas of different shapes as

measured by FireVoxel; (I-K) representative images of measurements exported from FireVoxel in different hematoma shape groups.
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Table 1 Hematoma volumes measured by two methods in different shapes and volumes

Volume of hematoma, mL N Method Median Maximum Minimum P Pos IQR P value
Groups divided by shape
Regular 135 FireVoxel 12.06 60.02 0.43 23.20 4.30 18.90 <0.001
Tada formula 12.82 64.43 0.33 25.77 4.18 21.59
Irregular 110 FireVoxel 31.85 204.9 2.32 48.16 19.35 28.81 <0.001
Tada formula 26.27 178.0 2.16 39.85 17.53 22.32
Groups divided by volume
<30 mL 162 FireVoxel 11.96 29.60 0.43 19.91 5.44 14.47 0.021
Tada formula 12.98 33.10 0.33 20.26 4.52 15.74
30-60 mL 65 FireVoxel 37.20 59.10 30.07 46.90 30.07 16.83 <0.001
Tada formula 36.07 59.10 18.05 40.83 18.05 22.78
>60 mL 18 FireVoxel 71.94 204.90 60.02 86.92 66.27 20.65 <0.001
Tada formula 63.15 178.00 45.61 74.80 56.02 18.78
IQR, interquartile range.
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Figure 3 Comparison of hematoma volume measured by two methods and the percentage deviation of the Tada formula measurement from

the FireVoxel measurement for different hematoma shape and volume groups. (A) Hematoma volume in different hematoma shape groups; (B)

hematoma volume in different hematoma volume groups; (C) percentage deviation from FireVoxel in different hematoma shape groups; (D)

percentage deviation from FireVoxel in different hematoma volume groups. *, P<0.05; ***, P<0.001.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

Quant Imaging Med Surg 2023;13(7):4268-4283 | https://dx.doi.org/10.21037/qims-22-1084



Quantitative Imaging in Medicine and Surgery, Vol 13, No 7 July 2023 4275

Table 2 Percentage deviation of Tada formula from FireVoxel

Percentage deviation from FireVoxel, % N Median Maximum Minimum Ps Pas IQR P value

Groups divided by shape
Regular 135 6.34 34.97 -27.50 12.20 -27.50 39.70 <0.001
Irregular 110 -16.43 20.85 —-43.58 -8.97 -23.04 14.07

Groups divided by shape

<30 mL 162 2.83 34.97 -43.20 11.85 -14.28 26.13 <0.001
30-60 mL 65 -11.47 12.02 —43.58 2.02 -21.77 23.79
>60 mL 18 -19.33 7.35 —-28.69 -11.28 -19.33 8.05

IQR, interquartile range.
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Figure 4 Correlation between the volumes measured by the Tada formula and FireVoxel. (A,B) Correlation of the hematoma volume for
different hematoma shape groups; (C-E) correlation of hematoma volume for different hematoma volume groups. Blue: training values;

orange: test values; Red: fitted curve.

Irregular: Y =0.0061% X? +0.2622* X +22.4279 [9]
Y =1.1344* X +1.8065 [7] 60 mlL:
Polynomial fitting formulas grouped by volume:

. Y =0.0034*X>+0.3111* X +41.8105 [10]
<30 mL:
Y=(—0.0074)*X2 +1.1485* X —0.1996 [8] The correlation between the volume measured by
30-60 mL: the Tada formula and FireVoxel is shown in Figure 4.
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Table 3 Parameters of Bland-Altman test plots for the Tada formula and C-Tada formula with FireVoxel in the training dataset

FireVoxel N Method Bias (mL) P,s (mL) Py 5 (mL) Limit of agreement (mL)
Groups divided by shape
Regular 135 Tada formula -0.620 -4.524 2.844 -4.524 t0 2.844
C-Tada formula -0.020 -2.146 4.626 —-2.146 to 4.626
Irregular 110 Tada formula 4170 -2.844 19.470 -2.844 t0 19.470
C-Tada formula -0.530 -9.321 10.820 -9.321 to 10.820
Groups divided by volume
<30 mL 162 Tada formula -0.155 -3.890 5.375 -3.890 t0 5.375
C-Tada formula -0.070 -3.013 5.602 -3.013 to 5.602
30-60 mL 65 Tada formula 3.940 -4.370 18.690 -4.370 to 18.690
C-Tada formula -1.190 -7.506 12.220 -7.506 to 12.220
>60 mL 18 Tada formula 11.040 -4.410 26.94 —-4.410 to 26.940
C-Tada formula -0.780 -15.95 7.540 -15.950 to 7.540

Table 4 Parameters of Bland-Altman test plots for the Tada formula and C-Tada formula with FireVoxel in the test dataset

FireVoxel N Method Bias (mL) Py (ML) Pg75 (ML) Limit of agreement (mL)
Groups divided by shape
Regular 42 Tada formula -1.303 —4.961 2.824 -4.961 to 2.824
C-Tada formula 0.341 -1.995 4.715 -1.995t0 4.715
Irregular 42 Tada formula 7.393 -1.669 26.540 —-1.669 to 26.540
C-Tada formula 1.290 -10.960 5.819 -10.960 to 5.819
Groups divided by volume
<30 mL 39 Tada formula -0.500 -3.500 9.944 -3.500 to 9.944
C-Tada formula -0.204 -2.581 9.698 —-2.581 t0 9.698
30-60 mL 34 Tada formula 4.360 -5.006 12.030 -5.006 to 12.030
C-Tada formula 0.101 -7.187 10.320 -7.187 to 10.320
>60 mL 11 Tada formula 8.881 -4.410 27.720 -4.410 to0 27.720
C-Tada formula -2.005 -15.380 2.681 -15.380 to 2.681

The hematoma volume measured by the Tada formula
was corrected with polynomial fitting formulas (C-Tada
formulas). Comparing the two methods (Tada and C-Tada)
with Bland-Altman analysis against the standard (FireVoxel),
the limits of agreement were tighter for the C-"Tada formula
for the shape groups in the training and test datasets
(Tables 3,4). Specifically, the results in the training dataset
were as follows: regular [-0.020 mL (-2.146 to 4.626 mL)
versus —-0.620 mL (-4.524 to 2.844 mL)] and irregular

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

[-0.530 mL (-9.321 to 10.820 mL) versus 4.170 mL
(-2.844 to 19.470 mL)] (Figure 5A-5D); the results in the
test dataset were as follows: regular [0.341 mL (-1.995 to
4.715 mL) versus -1.303 mL (-4.961 to 2.824 mL)] and
irregular [1.290 mL (-10.960 to 5.819 mL) versus 7.393 mL
(-1.669 to 26.540 mL)] (Figure SE-5H). At the same time,
the limits of agreement of the two methods were also
analyzed for the volume groups, which showed similar
results to the shape groups (Zables 3,4). In the training dataset:
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Figure 5 Bland-Altman test plots for the Tada formula and C-Tada formula compared with FireVoxel for different hematoma shape groups
in the training and test datasets. (A-D) Comparison in the training dataset; (E-H) comparison in the test dataset. In general, the closer the
middle solid line is to the dotted line, the more consistent the results of the formula and FireVoxel are.
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Figure 6 Bland-Altman test plots for the Tada formula and C-Tada formula compared with FireVoxel for different volume groups in the

training and test datasets. (A-F) Comparison in the training dataset; (G-L) comparison in the test dataset. The volume measured by the C-Tada

formula is more consistent than that of the Tada formula.

<30 mL [-0.070 mL (-3.013 to 5.602 mL) versus -0.155 mL
(-3.890 to 5.357 mL)], 30-60 mL [-1.190 mL (-7.506 to
12.220 mL) versus 3.940 mL (-4.370 to 18.690 mL)], and >
60 mL [-0.780 mL (-15.950 to 7.540 mL) versus 11.040 mL
(-4.410 to 26.940 mL)] (Figure 6A4-6F); in the test dataset:

<30 mL [-0.204 mL (-2.581 to 9.698 mL) versus -0.500 mL
(-3.500 to 9.944 mL)], 30-60 mL [0.101 mL (-7.187 to
10.320 mL) versus 4.360 mL (-5.006 to 12.030 mL)], and
>60 mL [-2.005 mL (~15.380 to 2.681 mL) versus 8.881 mL
(-4.410 to 27.720 mL)] (Figure 6G-6L).
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Table 5 Percentage deviation from FireVoxel by the Tada formula and C-Tada formula in the training dataset
llz’ier;c\;/ir:(t;?;deviation from N Method Median Maximum Minimum Pss Pas IQR P value
Groups divided by shape
Regular 135 Tada formula 6.34 34.97 -27.50 12.20 -4.77 16.97 <0.001
C-Tada formula 0.64 37.81 -29.67 4.07 -8.85 12.92
Irregular 110 Tada formula -16.43 20.85 -43.58 -8.97 -23.04 14.04 <0.001
C-Tada formula 1.41 51.82 -30.45 9.97 -6.02 15.99
Groups divided by volume
<30 mL 162 Tada formula 2.83 34.97 -43.20 11.85 -14.28 26.13 0.247
C-Tada formula 0.50 42.88 -39.38 14.31 -14.30 28.61
30-60 mL 65 Tada formula -11.47 12.02 -43.58 2.00 -21.77  23.77 <0.001
C-Tada formula 3.18 24.31 -28.31 9.44 -7.55 16.99
>60 mL 18 Tada formula -13.99 7.35 -28.69 -11.28 -19.33 8.05 <0.001
C-Tada formula 0.76 26.57 -9.09 6.39 -2.86 9.25

IQR, interquartile range.

Additionally, the percentage deviation from FireVoxel
for the Tada formula was greatly reduced for all hematoma
shapes after correction with the C-Tada formula (all
P<0.001) (Table 5, Figure 74). Equally, applying the C-Tada
formula to the groups divided by volume, the results
showed that the percentage deviation in the 30-60 mL and
>60 mL groups was significantly reduced (P<0.001) (Zable 5,
Figure 7B). However, there was very little decrease in the
calculated volume for the <30 mL group (P=0.247) (Table 5,
Figure 7B), illustrating that the C-Tada formula based on
shapes may be more accurate than that based on volumes.
Similarly, lower percentage deviation of C-Tada formulas
was reconfirmed by the test dataset (Regular and Irregular
all P<0.001; <30 mL: P=0.928, 30-60 mL: P=0.003,
>60 mL: P<0.001) (Tuble 6, Figure 7C,7D).

Discussion

ICH is a critical and dangerous disease and has become the
leading cause of death and disability worldwide (15-17).
Related studies note that when the volume of ICH is small,
conservative treatment should be selected. In contrast,
larger hemorrhages should be treated with relatively active
surgical treatment (2). The volume of bleeding can be used
as a criterion for judging surgical indications; in general, the
surgical indications for supratentorial ICH are hematoma
volume >20 to 30 mL with GCS scores in the moderate

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

range [5-12], midline structure shift >1.0 cm, bleeding
into the ventricle, and significant pressure on the cistern.
In addition, one of the most important reasons to calculate
ICH volume, especially early, is prognostication. ICH
volume is one of the points given for ICH score calculation.
A very significant corner stone for intervention versus no
intervention is an ICH score of 2 versus 3. An ICH score
of 2 carries a mortality rate of 26%, while an ICH score
of 3 carries a mortality rate of 72%. Other components of
the ICH score are the Glasgow Coma Score (GCS), age
>80 years, intraventricular hemorrhage and infratentorial
origin of the hemorrhage (18). On many occasions, patients
receive two points for a decline in GCS and age, and
thus, ICH volume becomes a critical point in determining
prognosis. There are many methods to measure the volume
of intracranial hematoma, such as the Peterson formula,
the Tada formula, software-based measurements, and the
calculus method (10,19,20). At present, the most widely
used clinical method for measuring intracranial hematoma
is the Tada formula method, which was first proposed by
Japanese scholars: V=1/2xAxBxC, where A (mm) is the
maximum hematoma length, B (mm) is the maximum width
perpendicular to A (mm) determined on the slice of maximal
area, and C is the depth of hematoma. In theory, this
formula idealizes the regular hematoma shape as an ellipsoid
and ignores volume defects of irregular hematomas,
which ultimately overestimates the actual volume (21-23).
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Table 6 Percentage deviation from FireVoxel by the Tada formula and C-Tada formula external test dataset

Percentage deviation from FireVoxel, % N Method Median Maximum Minimum P.s Pos IQR P value
Groups divided by shape
Regular 42 Tada formula 6.46 16.87 -11.01 9.76 2.36 7.40 <0.001
C-Tada formula  -1.97 7.61 -18.03 2.44 -5.28 7.72
Irregular 42 Tada formula -19.21 3.25 -40.90 -10.43 -24.04 13.61 <0.001
C-Tada formula  -3.68 21.96 -22.52 4.00 -7.65 11.65
Groups divided by volume
<30 mL 39 Tada formula 3.81 16.87 —-40.90 9.32 -21.69 31.01 0.928
C-Tada formula 3.16 20.35 -36.81 8.00 -22.98 30.98
30-60 mL 34 Tada formula -9.77 10.79 -25.41 5.31 -20.06 25.37 0.003
C-Tada formula ~ -0.29 22.71 -18.31 13.00 -9.96 22.96
>60 mL 11 Tada formula -10.44 7.07 -19.29 -6.24 -16.41 10.17 <0.001
C-Tada formula 2.90 24.67 -2.96 7.50 -0.01 7.51

IQR, interquartile range.
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Clinically, some patients who should be conservatively
treated may be included for surgical treatment, which could
lead to unnecessarily increased trauma and complications
and prolonged healing time. Therefore, the Tada formula
measurement method cannot fully meet all clinical needs
for calculating the hematoma volume. The results of this
study are consistent with this conclusion.

The Tada 1/2ABC formula is applicable for patients
whose hematoma shape is similar to round or ellipsoid,
while the 1/3ABC formula is applicable for irregular shapes.
However, the Tada formula always produces large errors
of overestimation (1/2ABC) or underestimation (1/3ABC).
In this study, the volume of the hematomas measured
by FireVoxel was shown to be similar to the actual
premeasured volumes. FireVoxel and the Tada formula
(172ABC for regular and 1/3ABC for irregular) were used
to calculate the volumes of hematomas of different shapes.
The hematoma volume measured by the two methods was
compared between groups divided by shape and volume,
and there was a tendency for overmeasurement with
greater hematoma volumes for regularly shaped hematomas
with the 1/2ABC Tada and a tendency to underestimate
irregularly shaped hematomas with the 1/2ABC Tada.
The percentage deviation from the FireVoxel volume
calculated by the Tada formula was different among the
groups (both the shape and volume groups). The irregular
group had higher percentage deviations than the regular
group, while the 30-60 mL group and >60 mL group had
higher percentage deviations than the <30 mL group. The
reason may be that the surface area to volume ratio (S/V)
of irregular intracranial hematomas is larger than that of
regular hematomas. These data indicate that these shapes
are far from an ellipsoid, leading to differences in the
accuracy of the calculation results. Although the volume
of the hematoma measured by FireVoxel was shown to
be similar to that of the standard, use of this software
is inconvenient for clinical application, given the image
format requirements and insufficient time for manual
delineation. To improve the accuracy of the Tada formula
for measuring hematoma volumes, polynomial fitting
was employed to determine the correlation between the
volume measured by the Tada formula and FireVoxel. The
percentage deviation from FireVoxel was greatly reduced
for all hematoma shape and volume groups after correction
by the polynomial fitting formulas (C-Tada formulas),
and these deviations were all statistically significant except
for the <30 mL group in the training test data, while all

© Quantitative Imaging in Medicine and Surgery. All rights reserved.
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deviations showed great differences for each group in the
test dataset. These results demonstrate that the C-Tada
formulas based on shape may be more accurate and reliable
than those based on volume.

The Tada formula, namely, n/6ABC, has been adapted
into various new formulas, such as 1/2ABC, 1/3ABC,
and 2/3SH. 1/2ABC is widely used, but it has a tendency
to overestimate the hematoma volume, with a median
percentage deviation of 6.69% (10), which is similar in
our study, 6.34%. Through the corresponding C-Tada
formula, the median percentage deviation was reduced
to 0.64%. 1/3ABC is considered to be more suitable for
irregular hematoma, with a median percentage deviation
of -10.25% (10), which is -16.43% in our study. Using the
corresponding C-Tada formula, the median percentage
deviation was decreased to 1.41%. Although 2/3SH was
reported to be more accurate than 1/2ABC, it has not been
widely used in clinical practice and requires further study.
The C-Tada formula was generated on the basis of Tada
1/2ABC and Tada 1/3ABC, reducing the overestimation
of Tada 1/2ABC and underestimation of Tada 1/3ABC,
which will make the Tada formula (1/2ABC for regular
and 1/3ABC for irregular) more accurate. As stated earlier
in the manuscript, first, the Tada formula (1/2ABC for
regular and 1/3ABC for irregular) is used to calculate the
volume of the hematoma, and then, the volume is corrected
with the corresponding C-Tada formula, which improves
the accuracy of the original formula while maintaining its
high efficiency. Consequently, the C-Tada formula can be
embedded in Microsoft Excel in the doctor’s station so that
measurements can be performed anytime and anywhere,
providing an accurate basis for the selection of clinical
treatments for intracranial hemorrhage.

A few limitations of this study should be mentioned.
Since undetailed shape classification leads to some missing
information and volume estimation based on the inaccurate
Tada formula, the C-Tada formula is only partially corrected
for this inaccuracy and is imperfect, while it maintains
the efficiency of volume calculation. When applying the
C-Tada formula to the diagnosis and treatment of ICH, the
slight overestimation of the actual volume should also be
considered. Fortunately, the requirements for hematoma
volume measurement in ICH treatment decisions are not
very precise, which also makes the C-Tada formula clinically
practical. Additionally, the accuracy of the C-Tada formula
in ICH volume calculation needs to be validated with more
clinical data.
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Conclusions

It is important for clinicians to evaluate the volume of the
hematoma to help determine further treatment. Although
the Tada formula is widely used, this method is inaccurate.
The C-Tada formula is a relatively accurate method,
maintains the high efficiency of the Tada formula, and
could have a positive role in the clinical measurement of
hematomas with large volumes or irregular shapes.
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