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1 Introduction

This document provides more detailed information on the datasets used in the
study and describes the optimization process of the baseline algorithms.

2 Datasets

2.1 Cultivation and imaging of the twelve HepG2 spheroids

Human hepatocellular carcinoma HepG2 (HB-8065) cells were obtained from
the American Type Culture Collection (ATCC, Manassas, Virginia, USA). The
cells were maintained in 75 cm2 culture flasks in DMEM (31966-021, Gibco) sup-
plemented with 10% fetal bovine serum, and pen-strep consisting of 100 IU/ml
penicillin, and 100 µg/ml streptomycin. During the maintenance procedure, the
cells were subcultured two times a week with the proportion of 1 to 5. HepG2
cell spheroids were cultured in nanofibrillated cellulose (NFC) hydrogel for 4
days at 37 °C in humid 5% CO2 atmosphere as described in detail previously
[1]. The number of cells was not controlled, but the spheroids were cultivated
similar time in the same conditions.

Images of HepG2 cells were taken by a confocal microscope (Leica TCS SP5,
HCX APO 63x/1, 30 Corr Glycerol objective; Leica Microsystems, Wetzlar,
Germany). The actin filaments were stained with Alexa Fluor™ 594 Phalloidin
(Invitrogen, USA) and the cell nuclei with DAPI (Invitrogen, USA) as described
earlier by [1, 2]. First, the NFC hydrogel was enzymatically digested, and 3D
HepG2 cell spheroids were collected into low-binding tubes. Then, the collected
3D cell spheroids were fixed with 3% PFA, and permeabilized with 0.1% Triton-
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X-100 (T-8787, Sigma-Aldrich). Lastly, the actin filaments and nuclei of 3D cell
spheroids were stained with Alexa Fluor™ 594 Phalloidin (1:100 in 1xPBS) and
DAPI for 30 minutes, respectively. In the microscope, a laser DPSS with the
power of 20 mW and wavelength of 561 nm, and a UV diode with the power of
50 mW and wavelength of 402 nm were used as the light source for Alexa Fluor
594 and DAPI, respectively.

2.2 Independent datasets

The nuclear staining channel of four additional volumetric datasets was used to
evaluate the proposed method. These datasets were not used during the devel-
opment of our system and thus we call these independent datasets. The first one,
neurosphere, is a cancer spheroid composed of 52 cells imaged with a light-sheet
fluorescence microscope [3]. It is publicly available at http://opensegspim.

weebly.com/download.html. The second one is a mouse embryo imaged using
confocal microscope [4, 5]. It is composed of 56 cells and is publicly available
in original form at https://figshare.com/articles/Raw_images_for_Saiz_
et_al_2016/3767976/1. The neurosphere and embryo datasets were used for
evaluation in [4, 5]. These datasets as well as manually created ground truths
and segmentations obtained using several software tools by [4] were downloaded
from http://www.3d-cell-annotator.org/download.html. The third inde-
pendent dataset is BBBC034 v1 dataset, which is a 3D monolayer of human in-
duced pluripotent stem cells from the Allen Institute of Cell Sciences and is avail-
able at the Broad Bioimage Benchmark Collection (BBBC) of Broad Institute
http://https://bbbc.broadinstitute.org/BBBC034. Ground truth labeling
was downloaded from the same site. This dataset is also used in 3D segmenta-
tion tutorial at Cell Profiler [6] website https://github.com/CellProfiler/

tutorials/blob/master/3d_monolayer. The fourth dataset, liver spheroid, is
a 3D HepG2 spheroid of liver cancer cells used in first time in a earlier publica-
tion of our group [1]. This dataset is made publicly available in this study.

2.3 Manual segmentation of 12 HepG2 spheroids

The segmentation of the 12 HepG2 spheroids was performed manually using the
Segment editor of 3D Slicer image computing platform [7]. Initial segmentations
were done using original 1024× 1024 image planes, but final checking and cor-
rections were performed on 256×256 input space. The segmentation was carried
out by researchers B. Omidali, T. Kaseva, U. Wilppu and E. Salli after a super-
vision given by the expert biologists on microscopy imaging. The boundaries of
the manual segmentations were made smoother by the three-dimensional joint
smoothing feature of the Segment editor. The smoothed label maps were visu-
ally checked and corrected where necessary. The number of nuclei in the ground
truth spheroids varied from 76 to 225.
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3 Evaluation

3.0.1 Optimization of baseline algorithms

We constructed four different watershed-based baselines for results compar-
isons: WS, aifWS, nlWS and blWS. The baselines were used to segment the
twelve spheroids. All the baselines used the watershed method B and per-
formed masking utilising Otsu’s thresholding method [8]. aifWS, blWS and
nlWS used ITK [9] implementations of various non-linear denoising techniques:
gradient anisotropic diffusion filtering (aifWS) [10], bilateral filtering (blWS)
[11], and patch-based denoising (nlWS) [12]. In addition, a 3D CellProfiler
pipeline [13] (https://github.com/CellProfiler/tutorials/tree/master/
3d_monolayer) was used as one of the baselines. The pipeline was tested both
using the expanded data (CeP) and the original data as input (CeP non-exp).

Each algorithm had twelve different parameter settings. The parameters of
each setting were tuned separately for a unique spheroid to produce a segmen-
tation with the best PQ value. The parameters were determined using a grid
search in a multidimensional parameter space. In order to estimate PQ, the
ground truths were used. Consequently, the optimization process simulated a
situation where an optimal method for choosing the parameters would exist.

Each algorithm, except CeP and Cep non-exp, had the same h-value range:

{0.50, 0.75, 1, 00, 1.25, 1.50, 1.75, 2.00, 2.50, 3.00, 4.00, 5.00}.

Due to the use of a different watershed implementation, the Cep and CeP non-
exp did not use h-values but instead utilised the footprint range:

{4, 8, 10, 20, 30}.

.
In addition, the multidimensional parameter space with aifWS was defined

as

time step = {0.015, 0.0625}
conductance = {1, 4}

number of iterations = {5, 10, 20},

with nlWS as

patch radius = {4, 6}
number of sample patches = {50, 100}

number of iterations = {1},
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with blWS as

domain sigma = {1, 4}
range sigma = {10, 50}

number of range gaussian samples = {25, 100}

and with Cep and Cep non-exp as

downsampling factor = {1, 2}
median filter size = {1, 3, 5}

For the explanation of parameters and implementations refer to the correspond-
ing references and the API documentation of Insight Toolkit at https://itk.
org/Doxygen/html/index.html and CellProfiler at https://cellprofiler.

org/.
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