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The large set of scientific activities supported by MRI includes, among others, the research of water and mineral compounds transported 
within a plant, the investigation of cellular processes, and the examination of the growth and development of plants. MRI is a method of 
major importance for the measurement of early somatic embryos (ESE) during cultivation, and in this respect it offers several significant 
benefits discussed within this paper. We present the following procedures: non-destructive measurement of the volume and content of water 
during cultivation; exact three-dimensional differentiation between the ESEs and the medium; investigation of the influence of ions and the 

change of relaxation times during cultivation; and multiparametric segmentation of MR images to differentiate between embryogenic and 
non-embryogenic cells. An interesting technique consists in two-parameter imaging of the relaxation times of the callus; this method is 
characterized by tissue changes during cultivation at a microscopic level, which can be monitored non-destructively. 
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1.  INTRODUCTION 

Magnetic resonance imaging (MRI) is a non-invasive tool 

widely applied to study molecules. The MRI approach is 

frequently used not only in medicine but also in biological, 

biochemical, and chemical research. In plant biology, MRI 

supports several specialized activities, namely the research of 

water and mineral compounds transported within a plant [1], 

[2], the determination of plant metabolites [3], [4], the 

investigation of cellular processes [5], and the examination of 

the growth and development of plants [6]. MRI is also 

employed to monitor water changes in early somatic embryos 
(ESEs) of spruce [7], [8]. Supalková et al. [9] present the 

results of a twelve-day, multi-instrumental analytical 

examination of such early somatic embryos treated with 

cadmium (II) and/or lead (II) ions (50, 250, and 500 microns). 

In the investigated ESEs, the researchers have used image 

analysis to estimate the growth, a fluorimetric sensor to detect 

the viability, and the MRI technique to facilitate non-

destructive measurement of the volume. The embryos 

constitute a unique plant model system applicable for the 

study of various types of environmental stresses (including 

metal ions) under well-controlled experimental conditions 

[10], [11], [12]. Nedela et al. [13] visualize the plant 

extracellular matrix in Abies alba and Abies numidica by 

means of a non-commercial environmental scanning electron 

microscope (ESEM); these authors also studied the 
morphology of cultured ESEs [13], [14]. 

This paper discusses the use of MRI in somatic 

embryogenesis to visualize embryogenic and non-

embryogenic callus cultures via both MRI relaxometry and 

multiparametric image segmentation. 
 

2.  SUBJECT & METHODS 

In order to visualize ESE tissues or highlight their 

differences according to relevant properties, we can 

effectively use MRI relaxometry (T1 and T2) and 
multiparametric image segmentation. For this purpose, 

several experiments were performed and are described as 

follows: 

a) Determining the volume of water in tissues 

In MRI, the image intensity corresponds to the number of 
1H nuclei in the investigated tissues or, alternatively, to 

their relaxation properties. As biological tissues contain 

significant   quantities   of  water   ( in   comparison with  
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proton contents in other substances, such as sugars or 

proteins), MRI image intensities characterize the volume 

of water in the tissues [15]. To verify the MRI-based 

results, we compared the water volumes in the ESEs by 

establishing the change of weight after complete 

desiccation of the samples with the 3D integral of 

intensity of the proton density-weighted 3D MR image 

(proton density measurement using a 4.7 T system). All 

PD images were standardized to the intensity of the 

substrate of the first sample. In order to facilitate 

comparison of the MRI-based measurement and the 
weighting, we normalized the volumes of water obtained 

from both measurements according to the volume in the 

first sample. 

b) Visualizing the tissue and substrate properties 

The different properties of the ESEs and the substrate 

were measured via MRI, using tomographs with field 

intensities of 4.7 T and 9.4 T. We also measured MR 

maps of both the 1H nuclear spin density and the T1 and 

T2 relaxation times, and we evaluated the mean densities 

of these parameters in selected regions. 

c) Monitoring the relaxation time changes during the 

growth of the tissues 

In the course of the growth of the ESEs, MR images were 

taken (0 to 15 days), and the T1 and T2 relaxation times 

were evaluated in selected regions. For growth monitoring 

purposes, the samples were photographed from the 

bottom side of the applied Petri dish and the ESE area on 

the medium evaluated on the 0th, 5th, 7th, and 11th day of 

cultivation. The actual experiment involved 2 samples of 

embryogenic cells for the MRI measurement, 2 samples 

of embryogenic cells for the verification, and 2 samples 

of non-embryogenic callus cultures. 

d) Multiparametric image segmentation 
In order to differentiate between the callus and the 

embryogenic cultures in a sample of non-embryogenic 

callus cultures, a multiparametric image segmentation 

method was applied; it utilizes a machine learning 

algorithm to segment an image according to the 

distribution of the T2 relaxation time and the derived 

images. 

To measure the T2 relaxation (using a 4.7 T system), we 

applied the spin echo (SE) method (TE = 18, 30, 50, 100, 

and 200 ms); the measurement of the T1 relaxation was 

performed via inversion recovery (IR) acquisition (TI = 10, 
100, 300, 1000, and 3000 ms). The T1 and T2 relaxations were 

measured, using a 9.4 T system, by means of the Rapid 

Acquisition with Refocusing Echoes (RARE) method 

(TE = 9.8, 29.5, 49.1, 68.8, 88.5, 108.1, 127.8, and 147.4 ms; 

TR = 167, 284, 416, 568, and 748 ms). All the described 

experiments were carried out on the 4.7 T (Magnex) and 

9.4 T (Bruker) MRI systems operated by the Institute of 

Scientific Instruments, Brno. The MAREVISI (8.2) and 

MATLAB (7.11.0) programs were used for the actual 

processing. 

 
3.  PLANT MATERIAL AND CULTIVATION CONDITIONS 

Our experiments involved a clone of early somatic embryos 

of the Norway spruce (Picea abies/L./Karst.) marked as 2/32 

and a clone of the Blue spruce (Picea pungens Engelm.) 

designated as PE 14. The cultures were maintained on a 

semisolid (Gelrite Gellan Gum, Merck, Germany), half-

strength LP medium [16] with modifications [17]. The 

concentration of 2.4-dichlorofenoxyacetic acid and N6-

benzyladenine was 4.4 and 9 µM, respectively [18]. The pH 

value was adjusted to 5.7 - 5.8 before autoclaving (121°C, 

100 kPa, 20 min). The organic part of the medium, excluding 

saccharose, was sterilized by filtering through a 0.2 µm 

polyethylensulfone membrane (Whatman, Puradisc 25 AS). 

The embryos were cultivated in Petri dishes (50 mm in 

diameter). The sub-cultivation of stock cultures was 
performed in two-week intervals; the stock and experimental 

cultures were maintained at the temperature of 23 ± 2°C in a 

cultivation box kept in a dark place. 

 

4.  RESULTS 

Experiment a) 

The experiment started with colonies of ESEs whose weight 

was about 3 mg; we cultivated ten colonies per one Petri dish. 

After 2 weeks, the colonies were harvested and, following 

fresh weight determination, dried to a stable weight at 105°C. 

In all, thirty-nine colonies were used for the weighting and 

statistical analysis. A comparison of the volumes of water in 

the embryos measured via the above-discussed methods can 

be seen in Fig.1. and Fig.2. While the measurement via 

desiccation and subsequent weighting was conducted at 
Mendel University in Brno (MENDELU), the proton density 

measurement with the SE technique utilized the 4.7 T 

(Magnex) MRI systems operated by the Institute of Scientific 

Instruments (ISI), Brno.  
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Fig.1.  Comparison of the normalized values of samples 1 - 39 

measured at the ISI and MENDELU. 
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Fig.2.  Normalized values of the samples measured at the ISI 

and MENDELU. 
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Experiment b) 

After cultivating the two samples for seven days, we 

measured the proton density (PD) and T1 and T2 maps of the 

ESEs using the 4.7 T and 9.4 T MRI systems. An example of 

the results obtained with the 9.4 T system is shown in Fig.3.; 

a comparison of the relaxation times T1 and T2 in the embryos 

and the substrate can be seen in Table 1.  

 
Table 1.  Relaxation times T1 and T2 in the ESEs and the substrate 

(sample No. 1). 

 B0 T1 T2 

 T ms ms 

ESEs 4.7 622 90 

 9.4 1540 85 

Substrate 4.7 270 65 

 9.4 988 51 

 

 
Fig.3.  Images of the ESEs (256×256 px; slice thickness of 2 mm) measured with the 9.4 T magnet. 

Left: PD image; center: the T1 map; right: the T2 map. 

 

Experiment c) 

The aim of the experiment was to monitor changes of the 

ESE area and the relaxation times during the growth phases. 

To observe the pace of growth in the embryos, we used six 

Petri dishes, each having 55 mm in diameter and containing 

a single cluster of ESEs. Photographs (from the bottom side) 

of a reference sample taken on the 0th and 11th day of 
cultivation are shown in Fig.4. The growth of all the samples 

was monitored according to the size of the ESE area on the 

medium, Fig.5. In two of the samples, we measured PD 

weighted, T1 map and T2 map MR images, and we also 

evaluated changes of the relaxation times during the growth 

phases (Fig.7. and Fig.8.). MR images were not measured in 

two control samples. Another two, slow-growing samples 

contained non-embryogenic callus cultures; in these items, 

we performed an MRI measurement and multiparametric 

segmentation of the acquired images, and ESE maps with 

various relaxation properties were created. 
 

 

 
 

Fig.4.  Photographs of an embryogenic sample taken on the 0th 
(left) and 11th days (right) of cultivation. 

 
The image photographed from the bottom side of the 

sample (Fig.4.) was used as the basis for segmenting an ESE  

 

with a suitably selected threshold level and for calculating the 

area of the culture. 

As the initial areas of the ESE clusters were not identical, 

in each area we expressed the percentage of the increase of its 

original size on the 0th day cultivation. The ESE area increase 

in percent is presented in Fig.5. 
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Fig.5.  Increase of the ESE area in percent based on the length 
of the cultivation period. 

 
From the MR images (4.7 T; 256×256 px; layer thickness of 
2 mm; TE = 16 ms; TR = 7000 ms; and TI = 10 ÷ 2 000 ms), 

the relaxation times T1 and T2 and their changes during 

cultivation were evaluated. Fig.6. below presents MR images 

weighted by proton density (PD) and the relaxation times T1 

and T2. The image intensities were standardized to the 

intensity of the substrate. The image subregions selected for 

evaluation were as follows: one subregion in the substrate, 

two in the culture, and one at the transition between the 

substrate and the culture. In all these subregions, we 

evaluated the mean values of T1 and T2; the obtained results 

are shown in Fig.7. and Fig.8. 
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Fig.6.  Proton density weighted, T1 map, and T2 map ESE images measured during the growth. 
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Fig.7.  Changes of the relaxation time T1 in relation 

to the cultivation time. 
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Fig.8.  Changes of the relaxation time T2 in relation 

to the cultivation time. 

Experiment d) 

While monitoring the tissue growth, we used the available 

9.4 T tomograph to acquire MR images. The related field of 

view (FOV) was 30×30 mm; the 256×256 pixel images 

exhibit the spatial resolution of 0.117mm/pixel and slice 
thickness of 2 mm. The image analysis aimed at 

differentiating between cells of the callus and the 

embryogenic culture, and two methods were developed to 

facilitate this purpose. Generally, the discrimination 

procedure utilizes machine learning techniques and is 

hereafter referred to as ML. The aim of the processing is to 

segment regions of the tissue culture into two subregions 

according to the distribution of the relaxation times of the 

subregions [19]. The measured data were processed in 

MAREVISI (8.2), MATLAB (7.11.0), and Fiji/ImageJ (1.49) 

with the Trainable Weka Segmentation plugin. Fig.9. 

displays the acquired images in the 6th slice weighted by 

proton density and the relaxation times T1 and T2 before 

segmentation. In the following sections of the article, we 

characterize the ML method, which enabled us to 

differentiate between the callus and the embryogenic culture 

in the MR images. 

 

ms 

ms 
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      PD map             T2 map                T1 map 
 

 
 

Fig.9.  MR images of the non-embryogenic callus cultures. 
 

 

The ML method (Machine Learning) is based on 

multiparametric classification of MR images [20]. In this 

technique, the input image is an image weighted by the 

relaxation time T2, and it also consists in images derived from 

the T2 map image via pre-processing. More precisely, the 

relevant image parameters are as follows: 

 Image acquired through filtering the original T2 
image by means of a Gaussian filter; 

 Hessian of the T2 image; 

 Dispersion of the intensities in the local 

surroundings of the original T2 image; 

 Minimum intensity in the local surroundings of the 

original T2 image; 

 Median of the intensities in the local surroundings of 

the original T2 image; 

 Image obtained through filtering with a bilateral 

filter. 

In total, 7 input images (the original T2 image and six 
variants thereof formed via pre-processing) were entered into 

the applied Random Forest classifier. The discrimination 

between two subregions in the tissue culture region was 

carried out with a supervised learning algorithm. A partial 

result of segmentation performed with the proposed semi-

automatic method [21] is shown in Fig.10.; this figure 

presents images where the intensity of individual pixels 

expresses the probability with which a given pixel falls within 

one of the two classification groups. For binary classification 

of the pixels into the two groups, however, the probabilistic 

image has to be further processed, and this purpose was 
advantageously achieved via simple thresholding with 

threshold choice at 50 % of the maximum intensity of the 

probabilistic image. The thresholding yields a binary image, 

namely the result of complete segmentation indicated in the 

right section of Fig.11. 

 

 

 
 

Fig.10.  Probabilistic images of the non-embryogenic callus 
cultures scanned by the 9.4 T tomograph. 

   The ML-based segmentation of the tissue culture images 

was performed using the ImageJ/Fiji software with the 

Trainable Weka Segmentation plugin, which utilizes a very 

broad package of WEKA (Waikato Environment for 

Knowledge Analysis) classifiers designed for data mining 

in Java [22]. 

 
Original image 

 

 
 

 

Image after segmentation 

 
Fig.11.  Original T2 image of the non-embryogenic callus cultures, 
and classification of the tissue image according to the relaxation 

time T2 after segmentation. 

 
5.  DISCUSSION 

In the initial section of the paper, we stated that, in plant 

biology, MRI supports four basic specialized activities. These 

are as follows: first, the research of the water and mineral 
compounds transported within a plant [1], [2]; second, the 

determination of plant metabolites [3], [4]; third, the 

investigation of cellular processes [5]; and fourth, the 

examination of the growth and development of plants [6].  

The embryos constitute a unique plant model system 

applicable for the study of various types of environmental 

stresses   (including   metal   ions)    under   well - controlled 
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experimental conditions [9], [10], [11], [12]. In the 

investigated ESEs, the researchers have used image analysis 

to estimate the growth, a fluorimetric sensor to detect the 

viability, and the MRI technique to facilitate non-destructive 

measurement of the volume. Pilot studies using two-

parameter relaxometry to distinguish between individual 

areas ESE cultures were performed only at the home institutes 

of the authors [7], [8]. 

 
Experiment a) 

We utilized two diverse methods to compare the volumes 

of water in early somatic embryos. While the former 

technique consists in MRI–based proton density (PD) 

measurement of the sample, the latter one requires double 

weighting of the embryos before and after desiccation. The 

difference in weight is equal to the volume of water in the 
embryos. The correlation coefficient between the normalized 

results measured via both methods was 0.816; the results after 

normalization of the mean value of the determined volumes 

shown in Fig.1. and Fig.2. exhibit differences. Importantly, 

the differences between the volumes are caused by several 

factors: a) evaluation of the volume of water for the 

inappropriate area affecting the substrate (nutrient medium); 

b) low sensitivity of the RF coil; c) imperfect image 

segmentation. With the latter method, the removal of an 

embryo from the substrate can be accompanied by accidental 

withdrawal of an amount of material larger than necessary for 

the subsequent desiccation and weighing. In general, MRI 
may be used as an effective approach to non-invasive 

measurement of water in organic structures. 

 
Experiment b) 

Table 1. shows the relaxation times T1 and T2 of the samples 
in different basic magnetic fields of MR tomographs. The use 

of a higher magnetic field in combination with a small, high-

sensitivity RF coil can improve the signal-to-noise ratio 

(SNR) and, consequently, provide higher resolution and 

thinner slices. 

At this point, let us note that the volume of water does not 

change in the individual layers, not even in the transition one; 

this fact is obvious from the PD images in Fig.3., Fig.6., and 

Fig.9. 

 
Experiment c) 

The growth of an ESE area on the medium is presented in 

Fig.5. Based on the results of the research performed at 

MENDELU, such growth is proportional to the increase in 

the volume of the ESEs. The perceptual area growth of non-

embryogenic callus cultures corresponds to 40 % in 15 days 

and is therefore significantly smaller than in the embryogenic 
ESEs, assuming both the reference samples (158 %) and 

those measured on the MR tomographs (205 %). The 

discussed method can be effectively used to monitor the pace 

of growth of the ESEs.  

During such growth, there occur changes of the relaxation 

times, which correspond to changes in both the chemical 

composition of the cultures and arrangement of the molecules 

and their mutual bonds; the said changes of the relaxation 

times in the course of cultivation are represented in Fig.7. and 

Fig.8. 

The relaxation time T1 in the medium does not vary during 

the growth of the ESEs. On the surface of the culture and on 

the transition between an ESE and its medium, T1 is reduced 

by more than a half in fifteen days, meaning that the chemical 

structure and arrangement of cells in the given areas are 

subject to changes during the growth. In the ESEs, the 

relaxation time T1 does not change during the growth. Major 

differences in T1 are caused by its large inhomogeneity, 

which probably arises from diverse relaxation properties of 
the embryonic cells and intercellular mucilage. As regards the 

growth period of the ESEs, the relaxation time T2 of the 

culture does not change for 8 days but then slowly increases 

from 100 ms up to 140 ms; such behavior may characterize 

variations of properties of the ESEs, which occur after 

approximately 8 days. The relaxation time T2 does not change 

in the medium, on the surface of the culture or on the 

transition between the ESEs and the medium, and the cell 

properties do not vary. 

The MR images of the ESEs exhibit large dispersion of the 

relaxation times (T1 – 425 to 538 ms; T2 – 42.6 to 65.6 ms). 
The inhomogeneity of the relaxation times in the culture 

points to diverse growth properties of the cells. It is probable 

that the intraembryonic space contains mucilage, which 

comprises nutrients in addition to water. Each pixel, having 

the dimension of 0.117mm, holds a mixture of the ESEs and 
mucilage exhibiting a variable volume proportion; this fact 

then constitutes the cause of large dispersion of the relaxation 

times. 

An important precondition for any 3D measurement of the 

volume or quantity of water in the ESEs consists in exact 

identification of the transition layer between the medium and 

the ESEs. Although this layer is virtually unrecognizable in 

proton density weighted images, it becomes more perceptible 
in T1 map and T2 map images (Fig.9.). The values in Table 1. 

show that the relaxation times of the actual transition layer 

between an ESE and its medium are lower than those in the 

vicinity of the culture (T1 by 30 % and T2 by 22.2 %). During 

the growth, the transition layer thickness remains very small, 

amounting to approximately 3 pixels. Generally, changes of 

the relaxation times, chemical composition of the transition 

layer, and influence of this layer on the growth of the culture 

will be subject to further investigation. 
 

Experiment d) 

A method for the related MR image segmentation was 

designed and applied. As the traditional, single-parameter 

approaches fail to function properly in noise-laden MR 

images with very low contrast, the technique proposed herein 

is based on an analysis of multiple parameters. In the 

presented method (ML), the image parameters are created 

from the original T2 image, thus forming a vector of 7 

features, which suffices for the segmentation of the callus and 

the embryogenic culture. The segmentation result is indicated 

in Fig.11.  Moreover, the result shows that an MR image can 

be divided into two regions via automatic processing and, 
importantly, that such a procedure enables us to differentiate 

between biologically diverse structures. 
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6.  CONCLUSION 

Magnetic resonance imaging constitutes a method of major 

interest for the measurement of ESEs during cultivation, 

mainly because it offers several significant benefits. These 

are as follows: 

 The technique facilitates non-destructive measurement 

of the volume and content of water during cultivation, 

and this procedure is advantageously used in “Multi-

instrumental Investigation of Affecting of Early Somatic 

Embryos of Spruce by Cadmium(II) and Lead(II) Ions“ 

[7]; 

 The markedly diverse relaxation times T1 and T2 provide 

for exact three-dimensional differentiation between the 

ESEs and the medium. The chemical composition and 

properties of the transition layer will be further 

investigated to define the influence of the said layer on 

the growth of the cultures; 

 The MRI image intensities are proportional to the 

quantity of 1H nuclei in ESEs and to the quantity of water 

in the tissues; 

 Chemical and physical variations in the ESEs affect the 

growth of the cultures and induce changes of the 

relaxation times T1 and T2 during cultivation; these 

relaxation time changes then enable non-destructive 

investigation of the influence of ions (such as Cd, Fe, and 

Pb) on the ESE cultivation process [7]; 

 Multiparametric segmentation of MR images may 

facilitate non-destructive differentiation between 

embryogenic and non-embryogenic cells in a cultivated 

culture. 

The disadvantages of MRI in monitoring ESEs during their 

cultivation can be summarized in the following manner: 

 Low resolution (less than 0.1 mm) compared to optical 

or electron microscopy; 

 Low sensitivity of the method. 

This paper describes non-destructive visualization of 

embryogenic and non-embryogenic callus cultures using both 

MRI relaxometry and multiparametric image segmentation. 

In the given context, an interesting technique consists in two-

parameter imaging of the relaxation times T1 and T2 of the 

callus (Fig.4.); its significance consists in the fact that the 

method is characterized by tissue changes during cultivation 

at a microscopic level, and said changes can be monitored 

non-destructively during the entire cultivation period. 
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