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ABSTRACT
Magnetic resonance imaging (MRI) is a critically important tool in current medicine. This dynamic diagnostic 

method allows for detailed and accurate imaging of the human body and diagnosis of metabolic changes 

by magnetic resonance spectroscopy (MRS) assays. Our work presented herein shows measurement 

of spin-lattice T1 and spin-spin T2 relaxation time as an indicator of changes in cellular morphology. MRI 

spin-lattice T1 and spin-spin T2 relaxation time measurements are innovative experiments that provide a 

detailed picture of the biological microenvironment within cell cultures. Here, we used two types of cell 

cultures: cancerous and healthy breast cells. By measuring spin-lattice T1 and spin-spin T2 relaxation 

time in cancerous and healthy cell cultures we can detect differences and morphological conditions of 

both cell lines. A number of observations indicate that MRI can detect differences between cancer and 

healthy cells. In order to obtain a high density of cells for our cellular MRI study, we grew the cells in 3D 

geometry. In this paper, we underline the potential of quantitative MRI in vitro for future cellular mapping 

of drug concentration and drug efficiency in cell culture. We have shown that MRI, which is used often for 

imaging of anatomy, is also a promising technology for specific morphological measurements of cells. 
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Introduction

The phenomenon of magnetic resonance imaging 
(MRI) is based on the interaction of strong magnetic 
field elements as well as electromagnetic waves at 
a precisely defined frequency on nuclei. Speaking of 
magnetic resonance imaging in the sense of diagnostic 
imaging, we are usually talking about imaging of 1H 
hydrogen nuclei. The phenomenon itself was described 
for the first time by its discoverer I. I. Rabi in his publica-
tion concerning new methods of measuring magnetic 
moments [1]. Since then, the world has entered an era 
of diagnostics at the molecular level.

This phenomenon uses the influence of an electro-
magnetic wave with a strictly defined frequency – called 
a resonance frequency (f0) – on hydrogen nuclei placed 
in a strong magnetic field. This frequency depends lin-
early on the value of the magnetic field induction B0 in 
which the sample is placed and on the gyromagnetic 
constant, the value of which is characteristic for a given 

element. This frequency is described by the Larmor 
equation

ƒ0 — resonant frequency
g — gyromagnetic constant
B0 — magnetic field induction value

Relaxation time T1 is the time for longitudinal magne-
tisation to return to the Z axis at 63% of the original state. 
This relaxation is called the spin-lattice relaxation time 
because in the process of return, energy is transferred to 
the lattice. Due to the fact that the Z component is being 
rebuilt, the time T1 is also called the longitudinal relaxation 
time and is dependent on temperature. The speed of the 
process depends on the force with which protons interact 
with the environment, and the faster it is, the more macro-
molecules are found in the examined tissue. The longest 
T1 times occur for tissues with the highest water content 
and the lowest macromolecule content [2]. 

Equation 2
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PD — proton density in tissue
T1 — longitudinal relaxation time tissue
T2 — transverse relaxation time tissue
TE — echo time
TR — repetition time

Analysing the above equation, we can see that we 
are dealing with relatively simple relationships in which 
there are three parameters depending on the test cen-
tre proton density (PD), T1, T2, and those given by the 
system operator (TE, TR). Medical images are obtained 
during the test with TE and TR parameters set. Choosing 
them properly enables the scanner operator to change 
the image allowing better or worse visualisation of 
individual anatomical structures. Each T1-dependent 
and T2-dependent image is created with TE and TR 
times assumed in advance. Table 1 summarises the 
individual values of T1 and T2 times, which, when taken 
into account in the test sequences, allow imaging of 
selected areas of the human body [4, 5].

Material and methods 

All MRI measurements were made on the OPTIMA 
360 magnetic resonance system (General Electric 
Health Care) with a field induction of 1.5 Tesla. Human 
mammary epithelial cells and MCF-7 cell lines for further 
culture and research and culture media were obtained 
from the American Type Culture Collection (Manassas, 
VA, USA). 

Cell cultures 

Human MCF-7 cell line was obtained from the 
American Type Culture Collection (Manassas, VA, 

MRI is primarily associated with the study of the hu-
man body. This environment is relatively stable when it 
comes to temperature changes inside. It is different for 
other studies, and in particular, for cell cultures where 
cell growth itself takes place at 37°C, whereas the test is 
carried out at lower temperatures. In order to minimise 
errors in determining relaxation times, the temperature 
of the tested samples should be stabilised. The effect 
of temperature on relaxation time T1 is known [3]. For 
water, the relaxation time T1 increases with increasing 
temperature. This time also depends on the viscosity 
of the environment. The presence of magnetic nuclei 
is an important factor influencing this parameter. The 
presence of paramagnetic nuclei in the sample causes 
a reduction of T1 time. This phenomenon is used in the 
design of contrast agents based on elements such as 
gadolinium. The relaxation time T2 is the time needed 
for transverse magnetisation to reach 37% of the initial 
value. T2 time is associated with the loss of spin coher-
ence, i.e. with their phasing. The phenomenon of phase 
coherence depends on the tested object itself but also 
on the parameters of the magnetic resonance system. In 
particular, the parameter is affected by the homogeneity 
of the B0 field. The heterogeneity of the field means 
that individual nuclei are in a different magnetic field. 
These are usually very small equations but sufficient for 
protons to have different resonance frequencies. This 
leads in a straight line to the phase of the system and 
the disappearance of the transverse component of the 
magnetic field. The next reason for the decay of the 
transverse component is the properties of the sample 
itself. For this reason, lateral relaxation is referred to as 
spin-spin relaxation.

By choosing the multiplicity of echo time (TE) and 
repetition time (TR) properly, we can highlight the 
differences between selected tissues. In general, the 
magnetic resonance signal obtained by the receiving 
coils can be described by Equation 2 (spin echo se-
quence has been considered).

Table 1. Water content in tissue with corresponding T1 and T2 times at 1.5 Tesla [4, 5] 

Tissue Water content [%] T1 [ms] T2 [ms]

Grey matter of the brain 84 920 101

White matter of the brain 71 780 76

Cerebrospinal fluid 97 3270 1660

Skeletal muscle 79 860 47

Heart 80 860 57

Liver 71 620 43

Kidney 81 1220 58

Spleen 79 1070 62

Subcutaneous fat - 230 85

Equation 2
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Table 2. The composition of samples A–E shown in Figure 2

Sample A Sample B Sample C Sample D Sample E

Sample  
composition

10 ml H2O + 1.063 g 
CuSO4 → Cm  
= 0.666 mol/l

9 ml H2O + 1 ml of 
sample A → Cm  

= 0.0666

9 ml H2O + 1 ml of 
sample B →Cm 

= 0.00666

9 ml H2O + 1 ml of 
sample C →  Cm 

= 0.00066

 H2O

T1 43 ms 310 ms 1109 ms 2110 ms 2637 ms

T2 25 ms 227 ms 696 ms 1001 ms 1337 ms

USA). HER-2 overexpression of these cell lines was 
confirmed with cytometric analysis. The CO2-indepen-
dent medium was supplemented with 10% buffered 
foetal bovine serum (FBS), 1% l-glutamate, and 1% 
antibiotic (penicillin/streptomycin). Prior to maintenance 
in a hollow-fibre bioreactor (HFB), the passaged cells 
were re-suspended in CO2-independent medium and 
plated (25 mL, 1×106 cells/mL) on a six-well tissue 
culture polystyrene (TCPS) plate. Each well was then 
filled with 2 mL of the CO2-independent medium and 
cultured at 37°C under atmospheric pressure CO2 for 
24 h. The cells were maintained in tissue culture flasks 
and were cultured as monolayers until the number of 
cells reached 0.5×105 cells/mL. MCF-7 cell cultures 
were grown for four weeks. 

Human mammary epithelial cells (HMEC) (GIBCO 
Invitrogen, Rockville, MD) were isolated from mammo-
plastic tissue and cultured in a culture flask until the 
number of cells reached 0.5×105 cells/mL. The Medium 
171 supplemented with 0.4% bovine extract, 5 mg/L 
bovine insulin, 0.5 mg/L hydrocortisone, and 3µg/L 
human epidermal growth factor were used.

Phantom measurements

All measurements were made on an OPTIMA 
360 magnetic resonance system GEHC with a field 
induction of 1.5 Tesla. The basic parameters of the 
gradient system, which are the amplitude and growth 
rate, are 33 mT/m and 120 T/m/s, respectively. This work 
was also performed in part to show that methods work 
on an in vivo clinical machine that is not equipped with 
specialised or modern functionalities. The measure-
ments were carried out using a surface coil. The choice 
of the coil was dictated by the very characteristics of the 
surface coil as well as the size of the objects tested. Sur-
face coils have very good sensitivity at a short distance 
from their surface. The disadvantage is the fact that 
the signal intensity drops very quickly as the distance 
between the tested layer and the receiving elements of 
the electronic system increases. Four tubes containing 
different concentrations of CuSO4 aqueous solution and 
one sample that contained distilled water were imple-
mented for the experiments. In general, the phantom 

contained five tubes. To test tube No. 1 containing 10 ml 
distilled water was added 0.1063 g of copper sulphate 
with a molar mass of 159.609 g/mol. This quantity was 
weighed on an analytical balance. Each subsequent 
tube contained 9 mL of water and 1 mL of solution 
from its previous tube number. This resulted in four 
solutions with significantly different concentrations to 
illustrate the possibility of measuring changes in T1 and 
T2 time depending on the concentration of CuSO4 in the 
sample. The study used the T1 fast spin echo sequence. 
TE time was 20 ms while TR times were, respectively, 
40 ms, 50 ms, 60 ms, 78 ms, 80 ms, 100 ms, 120 ms, 
140 ms, 200 ms, 240 ms, 300 ms, 400 ms, 500 ms, 
600 ms, 700 ms, 800 ms, 1000 ms, 1500 ms, 2000 ms, 
3000 ms, 5000 ms, 10000 ms, and 15000 ms. Such 
a large number of measuring points became neces-
sary to determine the wide range of T1 times that the 
samples displayed in the study. Increasing the number 
of measuring points also positively affects the process 
(Tab. 2), (Fig. 1, 2).

The samples were analysed with MATLAB software. 
T1 and T2 time determination procedure was implement-
ed. The data for analysis came directly from DICOM 
files generated in the MR system. Figure 1A presents 
a fragment of the obtained scan of tubes. Test tubes 
were stowed in a row vertically in the long axis of the 
magnet. The obtained images are the result of coronal 
scanning. The prepared samples were arranged in or-
der from the highest concentration – sample a). to the 
smallest – sample d). The last sample contains distilled 
water with a conductivity below 8 µS. 

Results 

Figure 1B shows the time distribution T1 for the test 
area. It can be clearly seen that during T1 it rapidly 
decreases with increasing CuSO4 concentration. Table 
3 presents the results of measuring T1 times for each 
sample separately. The measurement was based on 
the signal intensity averaged over the sample surface. 
It should be noted that the longitudinal relaxation 
time changes rapidly even for a very small amount 
of copper sulphate. Figure 1C shows the ratio of the 
approximation curve fitting factor to the measurement 
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A B C

Figure 1. A. sample system during the T1 measurement, B. T1 time distribution in tested samples, C. approximation 
curve fit factor — R2

results. It is clear that R2 for the sample is around 
0.8. Such a high matching result relays information 
about the accurate estimation of the measured time 
T1. Image regions that do not correspond to the sam-
ple area have the same factor at a very low level. Best 
fit was achieved for the shortest T1 times. The images 
of the samples contain areas of different times – this 
is related to noise and interference. The T1 time value 
for water was set at 2637 ms.

Figure 3 shows the results of T2 transverse relaxation 
time measurements for samples. They were determined 
by the function implemented in the system; the T2MAP 
sequence at TR = 640 ms was used for the measure-
ments. However, its use in the unchanged version re-
sulted in a very inaccurate determination of transverse 
relaxation times. Much better results were achieved 
when the TR time was changed to 3000 ms.

Relaxation times are burdened with a number of 
factors that affect their outcome. This time should 
be at least five times longer than the measured time 
T1. The researchers assumed the TR value at the level 
of 15,000 ms as the maximum time. The choice of such 
a long time was dictated by the presence of distilled 
water in one tube. For short times below 2000 ms, 
a maximum TR value of 10,000 ms can be assumed. 
Limiting the value of repetition times is crucial to short-
ening the study time. 

Cell culture measurements 

Cells from the bioreactor were transferred to tubes 
to increase their concentration in a small volume. There 
are many studies in the literature that discuss measuring 
the relaxation time of cell cultures [6–10]. To determine 
the T1 time, the study was carried out in the T1 FSE 
sequence. The layer thickness was 3 mm, field of view 
(FOV) 5 cm, echo time (TE) 10.73 ms, imaging matrix 
320×224, and repetition times for subsequent acquired 
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Figure 2. Summary chart of T1 longitudinal relaxation for 
five samples a–e
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Figure 3. Result of the T2map sequence operation and 
analysis of the obtained images in the OPTIMA360 magnetic 
resonance system manufactured by GEHC

Figure 4. A. distribution map of T1 time values for a sample 
of HMEC healthy cell culture, B. R2 fit factor
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Figure 5. Result of the measurement of longitudinal 
relaxation time T1 as an average value for a healthy cell 
culture sample

graph, there is a section of the image with the averaging 
area selected.

Figure 6 shows a distribution map of T1 time val-
ues for a sample of MCF-7-derived cell culture and 
R2 fit factor.

sequences were 78 ms, 100 ms, 200 ms, 500 ms, 
700 ms, 1000 ms, 1500 ms, 2000 ms, 3000 ms, 5000 ms, 
10000 ms, and 15000 ms. Shimming – pre-scan as well 
as the function of correcting the geometry and signal 
intensity – was made only for the first sequence due 
to the need to keep the same system setting parame-
ters. Changing the parameters of the sequence could 
lead to minor changes in the operation of the apparatus, 
and this would affect the measured signal. This state of 
affairs would increase the error.

Figure 4A shows a map of T1 time value distribution 
derived for a sample of HMEC cell culture. It was created 
as a result of calculating the longitudinal relaxation time 
for each pixel of the image separately. The presented 
image is a fragment from the entire MR image with 
dimensions of 45×43 pixels for better imaging of chang-
es. Assuming a FOV of 5 cm and an imaging matrix of 
512×512, one pixel corresponds to 0.097 mm. The im-
age shows significant differences in the value of T1 time. 
This is due to the high noise associated with scanning 
small objects with a surface coil and the heterogeneity 
of the object. Some noise can be reduced by reducing 
the matrix. The neighbouring areas are then averaged. 
The fit quality of the approximation curve is determined 
by the fit factor R2. Figure 4B shows the distribution of 
the coefficient in the test space, which, for the measured 
object, is for the majority of the pixel above about 0.79.

Figure 5 presents the results of the average mea-
surement for the sample. The time for the selected area 
of interest is 2484 ms. In the lower right corner of the 
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A

B

Figure 6. A. distribution map of T1 time values for a sample 
of MCF-7 — derived cell culture, B. R2 fit factor
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Figure 7. Result of the measurement of T1 longitudinal 
relaxation time as averaged value for a tumor cell sample

Figure 8. Result of T2 transverse relaxation time measure
ment for healthy HMEC ROI No. 1 and MCF-7 ROI 
No. 2 tumor cell culture

Figure 7 presents the result of the average measure-
ment for the sample. This time for the selected area of 
interest is 1843 ms. As a result of comparing T1 values 
for healthy and cancerous tissues, it can be seen that 
they have significantly different values.

Figure 8 presents the result of scanning cell culture 
using the unmodified T2 map sequence available in 
the OPTIMA 360 camera. As you can see, the image is 
burdened with a high level of noise, which affects the 
determination of relaxation time.

Discussion

Relaxation times are the basic parameters that char-
acterise examined objects in magnetic resonance imag-
ing. In recent years, leading manufacturers of magnetic 
resonance imaging systems have developed a number 
of applications that illustrate anatomy using relaxation 
times. Images obtained of the myocardium, brain areas, 
and neoplastic lesions where the T1 or T2 time values ​​
are colour coded gave doctors an additional diagnostic 
tool that significantly influences medical diagnostics. The 
latest software allows post-processing changes of TE, TR, 
and TI times, which makes it possible to obtain several im-
ages, including parametric images (T1, T2, STIR, T1 FLAIR, 
T2 FLAIR, PD) in a significantly shorter time [10–16].

Nevertheless, at the core of this technology are the 
principles of measuring relaxation times with in-depth 
knowledge of phenomena affecting the accuracy of the 
results obtained.

The conducted experiments show that the proto-
cols that were created for imaging the structures of the 
human body do not always give correct results for cell 
cultures. It is therefore necessary to modify them to se-
lect optimal scanning conditions. The second important 
conclusion is that HMEC tumour cells have a shorter 
T1 time compared to the HMEC cell line. Hydrogen is 
the element most commonly found in the human body. 
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Table 3. A list of NMR active nuclei with significant parameters

Element Spin Gyromagnetic 
coefficient

Frequency
for 1 T

Frequency
for 1.5 T

Frequency
for 3 T

Relative 
sensitivity

Isotope 
occurrence  

in nature [%]

1H 1/2 267.5221900(18) 42.57747892(29) 63.86621838 127.73243676 1.00 99.985

2H 1 41.065 6.536 9.804 19.608 1.45 × 10–6 0.015

3H 1/2 –203.789 –32.434 –48.651 –97.302 5.75 × 10–7 1.4 × 10–4

7Li 3/2 103.962 16.546 24.819 49.638 0.272 92.58

13C 1/2 67.2828 10.7084 16.0626 32.1252 1.76 × 10–4 1.108

14N 1 19.331 3.077 4.6155 9.231 1.00 × 10–3 99.630

15N 1/2 –27.116 –4.316 –6.474 –12.948 3.86 × 10–6 0.370

17O 5/2 –36.264 –5.772 –8.658 –17.316 1.08 × 10–5 0.037

19F 1/2 251.662 40.052 60.078 120.156 0.834 100

23Na 3/2 70.761 11.262 16.893 33.786 9.27 × 10–2 100

29Si 1/2 –53.190 –8.465 –12.6975 –25.395 3,68 × 10–4 4,6832

31P 1/2 108.291 17.235 25.8525 51.705 6.65 × 10–2 100

39K 3/2 12.50 1.989 2.9835 5.967 4.75 × 10–4 93.100

129Xe 1/2 –73.997 –11.777 –17.6655 –35.331 5.71 × 10–3 26.44

Approximately 65% of human body weight is water, 
which, when combined with its magnetic resonance 
imaging properties, makes it perfect for MRI research. It 
is endowed with the greatest magnetic moment among 
solid isotopes. Following Equation 1 and knowing the 
value of the magnetic field, you can easily determine the 
resonance frequency of nuclei. Table 3 contains gyro-
magnetic coefficients for several of the most important 
chemical elements of importance in medicine. There 
are also resonance frequencies for individual nuclei 
depending on the value of magnetic field induction 
B0 [16–20].

The phenomenon itself occurs only for those nuclei 
that have a non-zero spin. For nuclei that do not have 
spin, magnetic resonance imaging does not occur.

In order to approximate the phenomenon, let us 
assume that we are dealing with a sample containing 
a certain amount of hydrogen atoms. In addition to 
the magnetic field, the spins of individual nuclei have 
a random direction of rotation, so the resulting magnetic 
moment of the sample is zero. The situation changes 
when the sample is placed in a constant magnetic 
field with B0 induction. Spins of individual atoms will 
be ordered according to the direction of the magnetic 
field. Some of them will accept a consistent return 
and the remainder are opposite to the return of the 
field force lines of this constant field and B0 induction. 
Research shows that the difference in order is around 
45 ppm [21]. The direction parallel or anti-parallel to 
the direction of the main magnetic field is associated 
with the level of energy of protons. Protons with higher 

energy will position themselves anti-parallel, while 
those with less energy will be parallel to the magnetic 
field induction line. The number of atoms arranged in 
parallel is greater. This small equality is the source of 
the signal received by the coils. Increasing the mag-
netic field strength increases the useful signal level, 
which is associated with a greater difference in the 
number of energy levels. A similar effect on the signal 
level is achieved by lowering the sample temperature. 
In the tested sample, the order of proton spins occurs 
according to the magnetic field force lines. The sum of 
all vectors derived from individual atoms makes up the 
total magnetisation value M0 [10–15].

The proton rotational motion can be compared to 
the gyro rotation. Its deflection depends on the intensity 
of the electromagnetic wave with the Larmor frequency 
f0. At the moment when the wave emitter is turned off, 
the processing protons will start returning to the state 
they were in before the beginning of the wave emission. 
This return is called relaxation and is the basic concept 
associated with magnetic resonance imaging. For the 
sake of accuracy, it should be noted that there are two 
relaxation times: longitudinal and transverse, desig-
nated T1 and T2, respectively. In the imaging method 
described above, the pixel brightness level is a reflection 
of the intensity of the signal coming from the tested ob-
ject. This intensity changes with changes in TE and TR.

Let us return to Equation 2 and assume the TE 
value to be as small as possible at the level of a few 
milliseconds. Then the component of equation  will be 
close to the value 1. 
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Equation 3

This will cause the measured IS magnetic resonance 
signal to be approximately dependent only on the 
T1 value. In order to determine the relaxation time T1, it 
is necessary to find the value on the X axis at which IS 
reaches 63% of the maximum value. The value of 63% 
is not a random value but sets a point on the timeline at 
which TR = T1 and thus gives the expression: 

 
 Equation 4

Practically speaking, to determine the T1 time, it is 
necessary to register a series of images of the examined 
object by changing the TR value in the whole range of its 
variability followed by reading the IS signal intensity val-
ue for the region of interest (ROI) and plotting the curve 
to find a point 63% of the maximum value. It should be 
noted that increasing the number of measuring points 
will contribute to a more accurate determination of the 
sought value. When making measurements, tempera-
ture stability is important because the time T1 is directly 
related to it. Performing this operation for each pixel, 
it is possible to draw an image that will illustrate the 
distribution of T1 times in the studied area.

We can present a similar reasoning to determine the 
transverse relaxation time T2. Figure 1b shows examples 
of T2 relaxation time charts. To this end, let us suppose 
that TR is large compared to the value of T1, then the 
IS will be proportional to:

The determination of time T2 consists of determining 
a point on the time axis at which the IS drops to 37%. 
Equation 5 will only take this value when TE = T2.

Equation 6

The algorithm describing the principle of measuring 
time T2 is also based on recording images but with 
changing TE from the smallest possible available in 
the system. TR should be set as high as possible. 
Keep in mind that increasing the TR time can directly 
affect the extension of the sequence time. For in vitro 
tissue testing, this is not particularly important, except 
in some cases, but for patient testing this is essential. 
The character of the chart is exponential, which shows 
large changes in a narrow range of TE changes. For the 
correct determination of this value, a large number of 
measuring points are necessary. This treatment allows 
for reduction of the error associated with determining 
this time because it allows adjustment the approxima-
tion curve more accurately. In addition to the T2 time, 

there is also a parameter called T2*. These two param-
eters are similar, but there are differences that cannot 
be ignored. Time T2* depends on the device and the 
patient and is defined by Equation 7.

  
Equation 7

Time T2* depends on, and results from, the hetero-
geneity of the magnetic field.

In Equation 2, there is one more factor that has 
not been mentioned until now, namely proton density 
(PD). It is a quantity describing the hydrogen content 
in the tissue. It is directly proportional to the number 
of hydrogen atoms. For this reason, PD will be high in 
fluids and low in solid tissues. This is a parameter that 
cannot be ignored in MR imaging. However, you can 
choose the image received depending on the TE and 
TR times. The result of PD-dependent imaging will be 
the distribution of hydrogen atoms in the test space. In 
order for this effect to occur, the scanner must have TE 
as short as possible and long TR. Then the relationships 
described by Equation 3 and 5 will occur simultaneous-
ly, so the signal will depend in practice only on PD, with 
very small influences of T1 and T2. Measurements of cell 
culture relaxation times are another class of study due 
to the lack of the need to shorten the study time as it is 
in the case of patient studies. It is also difficult to use 
MOLLI, ShMOLLI, SASHA, or other methods due to the 
natural lack of the possibility of ECG gating [18–21]. 
Both T1 and T2 are the time after which longitudinal 
and transverse relaxation, respectively, reach certain 
well-defined values. The basic methods of measuring 
these parameters are: saturation and regrowth (SR), 
reversal and regrowth (IR), and spin echo (SE) methods 
[5]. An important regularity is that in the T1-dependent 
test, the signal from a given tissue is inversely propor-
tional to the T1 time of that tissue. It is different in the 
case of T2-dependent imaging, namely the tissue signal 
is proportional to its time T2.

The method for measuring these times is to per-
form a series of sequences with changing TE and TR 
parameters, and measure in the region of interest (ROI) 
the value of the received signal intensity. This is done 
by determining the average value of the already recon-
structed image of the layer and plotting these values ​​
on the chart. On the horizontal axis there are values ​​of 
the changing times TR for the measurement T1 or also 
TE for T2. The result of the work are graphs analogous 
to those shown in Figure 1. Their character coincides 
with the longitudinal magnetisation Mz reconstruction 
charts. To increase the accuracy of determining relax-
ation times it is necessary to approximate the obtained 
results with the function describing the given curve. The 
phenomenon of relaxation is determined by relatively 

Equation 5
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simple mathematical relationships, which results in 
relatively easy function analysis and determination of 
the approximating function. Knowing the approximating 
function, you can readily determine T1 and T2. 

It should be borne in mind that by determining IS 
at different points in the test space and thus different 
distances from the coil we will get different maximum 
values. It is therefore necessary to approximate the 
received signal to <0.1> before approximation. The 
normalisation procedure will therefore minimise errors 
related to the effect of signal intensity as a function of 
distance from the receiving coil. Despite the low com-
plexity of the approximating functions, it is advisable that 
the number of sequences performed with the appropri-
ate changes in TE and TR times is as large as possible, 
so that  the effects affecting measurement errors are 
minimised. And so, from the author’s experience, it ap-
pears that matching at the level of R2> 0.98 is obtained 
for 8-10 measuring points for T1 times, while for T2 the 
number of points should be the same or greater. The 
number of these points is similar both for tissues and 
for homogeneous samples (liquids). When choosing TE 
time and TR time values ​​in tests, one should be guided 
by the fact that not only the IS value but also its shape as 
a function of the set times are subject to mathematical 
analysis. It cannot be overestimated in determining T1, it 
turns out to know the IS value for very long TR times of 
12000-15000 ms – then the measured value determines 
the maximum value. The consequence of sequences 
with such long times is a significant extension of the 
test time, which is not always acceptable. Determining 
the T2 value is a bit more complicated in this respect. 
It is necessary to know the maximum signal value that 
occurs at minimum TE times at the level of single mil-
liseconds. An attempt to obtain an image from such 
a set sequence may fail due to the fact that not every 
magnetic resonance imaging scanner will allow such 

low values ​​of the echo time. In addition, the IS graph 
in the TE function for long times flattens at a certain 
level, which should be considered as the background 
and subtracted. The shape of the falling curve is still 
interesting; not its absolute value but determination 
when it reaches 37% of the maximum value.

In the theoretical part of this study, diagrams and the 
SR method for determining times T1 and T2 are shown. 
This is the most intuitive method and was quoted for 
easier understanding of the very idea of ​​measurement. 
As mentioned before, the second method is the reversal 
and regrowth (IR) method. The difference from the SR 
method is that the first 180° pulse is used instead of 90°. 
Equation describing the behaviour of the magnetisation 
vector Mz (Fig. 9).

The characteristic points are the zero-crossing 
points of the magnetisation characteristic. In MR imag-
ing, by selecting the inversion time (TI) in the magnetic 
resonance scanner at 69.3% of the T1 time for a specific 
tissue, it can be eliminated from the image.

The T1 value can be determined from the formula:

 
Equation 9

An interesting concept for measuring T1 and T2 tis-
sue times has been proposed by the authors [6]. The 
authors proposed using images obtained in four se-
quences at the TE and TR times defined. This method 
seems to be a very attractive way of determining relax-
ation times due to the short time of examination, but 
attention should be paid to the fact that it is very sensi-
tive to errors. Even the smallest errors with such a small 
number of measuring points can lead to large scatter 
in the results obtained. It should be remembered that 
relaxation time courses are exponential functions and 
therefore strongly non-linear. Researchers conducted 
their work using three phantoms, which are dissolved 
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gadolinium saline. Such a phantom is a homogeneous 
phantom. Magnetic resonance tomography, like any 
other type of tomography, assumes homogeneity of the 
medium in a given voxel. In contrast to homogeneous 
fluids in the body of the examined patient, there is no 
such homogeneity. Minimal movement of the test tissue 
and hence the wrong measurement of the signal inten-
sity should always be taken into account. Measurement 
of intensity takes place in the area commonly known 
as the ROI.

If we assume that for calculations we will always 
take the same area in the image, and the result of the 
test will shift the examined structures, and the ROI will 
accidentally find adjacent tissues not covered by mea-
surement in other sequences, this may lead to falsifi-
cation of the IS value and thus increase the uncertainty 
of the relaxation time measurement result. Analysing 
the work of various authors, many solutions can be 
found to increase the speed of obtaining the T1 times 
[7-9, 11-14]. The vast majority of them, however, es-
sentially use SR or IR methods. A completely different 
method was proposed in an article by Wang [10]. Their 
innovative approach to determining T1 relaxation time 
is a real fusion of two methods: ST and IR. According 
to the authors, this method known by the abbreviation 
SIR – saturation-inversion-recovery – allows the T1 time 
value to be obtained with much higher resolution com-
pared to the SR and IR methods. Their development is 
used especially where there is a need to differentiate 
areas with similar T1 time values ​​where this resolution 
is limited. Magnetic resonance tomography, like any 
method of this type, assumes a homogeneous structure 
in the test space. In fact, this is not the case because we 
usually deal with complex substances, each of which 
has its own time T1. When measuring the relaxation 
time, averaging is performed and the T1 time value is 
the result of the relaxation time in a given area.

Relaxation times are the basic parameters that char-
acterise the examined objects in magnetic resonance 
imaging. In recent years, leading manufacturers of 
magnetic resonance imaging systems have included 
in their portfolio a number of applications that illustrate 
anatomy using relaxation times. Obtained images of 
the myocardium, brain areas, and neoplastic lesions 
where the T1 or T2 time values ​​are colour coded have 
given doctors an additional diagnostic tool significantly 
affecting medical diagnostics. The latest software allows 
post-processing changes of TE, TR, and TI times, which 
makes it possible to obtain several images, including 
parametric images (T1, T2, STIR, T1FLAIR, T2FLAIR, 
PD) in a significantly shorter time. Nevertheless, at the 
core of this technology are the principles of measuring 
relaxation times with in-depth knowledge of phenomena 
affecting the accuracy of the results obtained. The con-
ducted experiments show that the protocols that were 

created for imaging the structures of the human body 
do not always give correct results for cell cultures. It is 
therefore necessary to modify them to select optimal 
scanning conditions. The second important conclusion 
is that the MCF-7 tumour cells have a shorter T1 time 
compared to the normal HMEC cells.

Abbreviations: MRI – magnetic resonance 
imaging; MRS – magnetic resonance 
spectroscopy; PD – proton density in tissue; 
T1 – longitudinal relaxation time tissue; T2 –  
transverse relaxation time tissue; TE – echo time; 
TR – repetition time
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