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ARTICLE INTFO ABSTRACT

Article history: Background: Cancer multicellular spheroids are commonly used as 3D tumour models for testing
Received 1 February 2016 drugs and radiotherapy treatments. The volume plays a key role in analysis of the results.
Received in revised form Several methods have been proposed in the literature to compute the spheroid’s volume from
30 June 2016 one 2D microscopy image (i.e. a single projection). However, the literature lacks reviews
Accepted 15 July 2016 summarising the different methods available. Furthermore, there are no well-established ap-

proaches by which to compare the different methods and determine the best one.

Keywords: Objective: In this work we (a) revise the existing single-image based methods used to esti-
Widefield microscopy mate the volume of multicellular spheroids, also providing different implementations for
Oncology classical spherical and ellipsoidal pre-defined models; (b) present an upgrade of a volume
Pre-clinical studies estimation software recently proposed, Reconstruction and Visualization from a Single Projec-
3D cell aggregates tion (ReViSP), just validated by using four real spheroids imaged in 3D with a light-sheet
Volume estimation microscope; (c) propose a quality assessing approach for single-image based methods, relying
Image processing on 3D home-made macroscopic synthetic models mimicking the shapes of real multicel-

lular spheroids.
Results: Seven image-based methods used to estimate the volume of spheroids were com-
pared using six 3D home-made synthetic models. First, the material used to make the synthetic
models was characterised to estimate its density. Then, the ground-truth volume of the 3D
models was measured by simply weighing them. The volume instances estimated by the dif-
ferent methods were compared with ground truth. ReViSP attained the best result three times
out of six and on average.
Conclusions: The results obtained proved that (a) different implementations for the classi-
cal spherical and ellipsoidal pre-defined models may lead to very different results; (b) ReViSP
is the best single-image based method available today to estimate the volume of multicel-
lular spheroids.

© 2016 Elsevier Ireland Ltd. All rights reserved.

* Corresponding author. Advanced Research Center on Electronic Systems for Information and Communication Technologies “E. De Castro”
(ARCES), University of Bologna, Via Toffano 2/2, I-40125 Bologna, Italy. Fax: +39 051 2095410.
E-mail address: alessandro.bevilacqua@unibo.it (A. Bevilacqua).
http://dx.doi.org/10.1016/j.cmpb.2016.07.024
0169-2607/© 2016 Elsevier Ireland Ltd. All rights reserved.


mailto:alessandro.bevilacqua@unibo.it
http://www.intl.elsevierhealth.com/journals/cmpb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cmpb.2016.07.024&domain=pdf

52 COMPUTER METHODS AND PROGRAMS IN BIOMEDICINE 135 (2016) 51-60

1. Introduction

In the literature there are several papers proving that many
cell lines behave differently when cultured as monolayer rather
than when cultured in 3D [1,2]. In practice, it has been widely
established that monolayer cultures are a deficient model. In
1970 Sutherland et al. proposed multicellular aggregates of
“spherical” shape, called spheroids, as a reliable 3D tumour model
grown in vitro [3]. These multicellular aggregates morphologi-
cally resemble nodules seen in animal and human carcinomas,
and this is the reason behind the name spheroids [4]. However,
most of the cancer multicellular spheroids grown in vitro are
not spheres [5]. They are characterised by a local axial rota-
tional symmetry, but often have irregular shapes. Nevertheless,
the name spheroid is the one used for these multicellular ag-
gregates, regardless of their real shape.

Today more and more biological laboratories are using cancer
spheroids to test drugs and radiotherapy treatments [6,7]. The
change in tumour volume is considered as one of the most im-
portant features in assessing a treatment [8]. Logically,
measuring the volume of a real sphere is trivial, but it becomes
complex when the object’s shape is irregular. The lack of au-
tomatic methods enabling accurate measurement of a spheroid
volume strongly limits the reliability of the data obtained [9].
Fluorescent light-sheet microscopy represents the cutting-
edge technology [10] to analyse organisms [11] and multicellular
spheroids [12]. However, at present, the light-sheet micro-
scope presents several limitations: (a) it is a high-cost system
not available to most laboratories; (b) it works in fluores-
cence and the stained tissues cannot be used as models for
subsequent analysis; (c) it does not present validated methods
to quantitatively estimate the volume of the object observed.
Several, non-invasive, image processing methods have been pro-
posed in the literature to estimate the volume by using a 2D
projection of a spheroid, typically a brightfield image (i.e. an
image obtained without using cytotoxic fluorescent dyes). For
instance Reconstruction and Visualization from a Single Projection
(ReViSP), a 3D volume rendering method specifically con-
ceived to estimate the volume of multicellular spheroids, is the
latest method presented in the literature [13]. Recently, it has
been used to measure the volume of spheroids used in viabil-
ity [14] and cytotoxic analyses [5]. Of course, assessing the
volume from a single image is a challenging task intrinsi-
cally prone to error. Nevertheless, the spheroid’s volume can
be estimated fairly accurately if certain priors are satisfied, such
as the axial rotational symmetry.

In this work we (a) compare seven single-image based
methods for non-invasive estimation of the volume of multi-
cellular spheroids, also considering a very complex-shaped
spheroid; (b) validate ReViSP, using a real multicellular large
spheroid imaged through a light-sheet microscope, also pro-
viding different implementations for the classical spherical and
ellipsoidal rendering models yielding the new release of the
software (i.e. ReViSP v2.0, http://sourceforge.net/p/revisp); (c) de-
scribe in details the approach utilised to assess the accuracy
of the volume estimation methods, fully characterising the 3D
synthetic models and carrying out a proper error analysis of
the measurement of the ground-truth volume. In order to de-
termine the ground-truth volume of each synthetic spheroid,

a preliminary experiment was performed to estimate the
density of the material and the settling time needed to reach
a stable asymptotic point. Then, the ground-truth volume of
each synthetic spheroid was indirectly achieved by simply using
a precision balance. Finally, by processing the 2D images ac-
quired with a digital camera, it was possible to quantitatively
compare with ground truth all the volume instances esti-
mated by the different methods.

This article is organised as follows. Section 1 reports the
main aims of the work. Section 2 presents a short overview
of the main single-image based methods used for volume es-
timation of spheroids. Section 3 describes the approach
proposed to assess the accuracy of the different methods. Ex-
periments performed and results obtained are presented and
discussed in Section 4. Section 5 summarises the main find-
ings of the work.

2. Volume estimation methods

In this section we describe the methods mostly commonly used
to estimate the volume of a multicellular spheroid by analysing
a single 2D projection. They are based on different assump-
tions, but all of them basically exploit the symmetry of the
spheroids around their major axis. They require as the input
parameter the binary mask (black and white image with 0 for
the background and 1 for the foreground) of the widest cross-
section of the spheroid to be analysed. In case of spheroids
having multi-focus planes, acquiring first several images by
scanning the object along the z-axis is recommended. Then,
a fully focused 2D projection can be reconstructed by auto-
matically merging the different images [15], previously flat-
field corrected for radial fall-off attenuation of the image
intensity [16]. In the case of spheroids larger than the field of
view of the microscope camera, one may manually acquire a
set of partially overlapped images that can be automatically
stitched into a “mosaic” by using MicroMos, a free open-
source software [17,18]. Finally, once the image of the spheroid
has been obtained, the binary mask can be computed with
AnaSP, an open source tool specifically designed to segment
multicellular spheroids [19].

2.1. Methods based on a pre-defined geometric model

The first researchers who considered the problem of estimat-
ing the volume of a tumour spheroid by analysing a single 2D
projection were Gaylord and Clowes back in 1906 [20]. They used
the formula of the ellipsoid (Eq. 1, where pi=3.14159) to ap-
proximate the tumour volume starting from computation of
the major axes M and the orthogonal one, P, passing by the
centre of mass:

i
Verpson = % xMx P2, (1)

In contrast, few years later Woglom [21] proposed using the
trivial formula of the sphere (Eq. 2) by simply computing the
equivalent diameter D:
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