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Abstract. [Purpose] This study aimed to approximate and distinguish subcellular water diffusion from extracellular water using 
multiexponential fitting algorithms for multiple, high b-value diffusion-weighted magnetic resonance imaging (DWI). [Methods] We 
performed multi-b-value DWI using high b-values of up to 4,000 s/mm2 of cell pellets and cellular extracts (nucleus, plasma membrane, 
organelle membrane, chromatin, and DNA). The diffusion coefficients and fractions of these samples were approximated using 
multiexponential curve-fitting algorithms. [Results] Using multiexponential curve fitting algorithms, cell pellet diffusion could be divided 
into two to four compartments, while those of the cellular extracts were divided into two to three compartments. Comparison of the data 
suggested that the four diffusion compartments of the cell pellets corresponded to the diffusion of extracellular water, cytosol, 
plasma/organelle membranes, and intra-nuclear spaces, respectively. [Conclusions] We proposed the possibility of a multiexponential fitting 
model for high b-value DWI for the estimation of subcellular water diffusivities in different compartments. This could provide potential 
information for various biological processes. However, our in vitro experimental environments were quite different from physiological tissues 
and require further methodological considerations before this technique could be applied to evaluate subcellular water diffusion in vivo. 
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1. Introduction 
Approximately 60–70% of the human body is composed of 

water. Diffusion-weighted imaging (DWI) relies on the mobility of 
water protons within tissues to provide image contrast and provides 
information about the tissue cellularity as well as the integrity of 
cell membranes [1,2]. The original DWI sequence was introduced 
by Stejskal and Tanner [2], and later, Le Bihan et al. applied this 
technique to the human brain and found differences between various 
normal and pathological tissues [3]. Currently, DWI has become an 
essential imaging method for diagnosing diseases in various fields 
as an imaging method that can obtain information on tissue property 
and tissue construction without using a contrast agent, and its 
usefulness has been clarified even in head and neck lesions [4-6]. 

In a DWI sequence, diffusion sensitization gradients are applied 
on either side of the 180° refocusing pulse. The parameter “b-value” 
determines the diffusion weighting and is expressed in s/mm2. It is 
proportional to the square of the amplitude and duration of the 
applied gradient. Diffusion is usually evaluated quantitatively using 
the apparent diffusion coefficient (ADC) calculated from mono-
exponential fitted signal decay between b-values of 0 and 
approximately up to 1000 (s/mm2). The ADC is known to reflect 
water diffusion in the extracellular space and is influenced by cell 
size, density, or length of the plasma membrane [7]. 

Recently, many improvements in the high magnetic-field 
magnetic resonance imaging (MRI) apparatus and its software have 
enabled a higher b-value DWI, reaching up to tens of thousands 
s/mm2. The signal decay of the high b-value DWI shows a decrease 
in curvature and tends to be stable at high b-values. This 
phenomenon can be explained by the biexponential model, which 
considers the existence of diffusion-limited compartments in the 
intracellular space [8]. Furthermore, another mathematical fitting 
method has been proposed to calculate the diffusion from the signal 
decay curves, such as the triexponential [9], kurtosis [10], and 
gamma distribution models [11]. Among them, exponential fitting 
methods are straightforward and easy to understand, and the 

triexponential model might reflect strictly limited diffusion in the 
intracellular space in vivo [9]; however, the practical measurement 
accuracy of such fitting methods are not yet well-elucidated. 

Here, we tried to profile water diffusivity in different 
compartments of the cell, such as the plasma/organelle membranes, 
cytoplasm, and nucleus, using a multiexponential fitting method 
from DWI with multiple and high b-values. 

 
2. Materials and methods 

2.1 Cell lines and cultures 
Two types of cell lines, namely the CV-1 (monkey kidney 

fibroblasts) and U937 (human monocytic leukemia) lines, were 
used in this study. Using these cells, six types of cell pellet or 
cellular extract samples were prepared as described below. In each 
case, three samples were prepared using Eppendorf tubes 
(Eppendorf, Japan).  

2.2.1 Cell pellet samples 
Cells (3 × 107) (CV-1 and U937) were collected, suspended in 

phosphate-buffered saline (PBS) and centrifuged at 200 × g for 5 
min to form cell pellets at the bottom of an Eppendorf tube. 
Transmission electron microscopy (TEM) images of the cells were 
obtained before centrifugation (Hanaichi Ultrastructure Research 
Institute, Okazaki, Japan). 

2.2.2 Nucleus pellet samples 
CV-1 cells (6 × 107) were collected and treated with buffer A 

(10mM HEPES, 1.5mM MgCl2, 10mM KCl, 0.5mM DTT), buffer 
B (buffer A + 0.5 ％  Nonident P-40), and several steps of 
centrifugation for the disruption of plasma membranes. Nuclear 
extracts were then collected and centrifuged (20000 × g, 10 min) in 
PBS to form pellets in Eppendorf tubes. 

2.2.3 Plasma and organelle membrane extract samples 
  CV-1 cells (4 × 107) were collected and treated with the 

MinuteTM Plasma Membrane Protein Isolation Kit (Invent 
Biotechnologies, Inc.). After treatment, cell lysates (a mixture of 
crude plasma membranes, intact nuclei, cytosolic proteins, and 



organelles) were obtained, and the plasma membrane and organelle 
membrane components were separated by subsequent differential 
and density centrifugation, then resuspended in PBS.  

2.2.4 Chromatin extract samples 
CV-1 cells (8 × 106) were collected, and chromatin fragments 

were crosslinked by treatment with the SimpleChIP Enzymatic 
Chromatin IP Kit (Cell Signaling Technology). The soluble 
chromatin component was differentiated by subsequent sonication, 
buffer treatment, and centrifugation (9400 × g, 10 min), then 
resuspended in PBS.  

2.2.5 DNA extract samples 
CV-1 cells (4 × 107) were collected and treated with 

ISOGENOME (NIPPON GENE) followed by ethanol precipitation 
and cleaning. After treatment, the obtained genomic DNA was 
dissolved in 8 mM NaOH solution and neutralized with HEPES 
buffer. Finally, the DNA concentration was adjusted to 30 μg/ml 
using PBS. 

2.2.6 Cell pellet with hypotonic treatment samples 
U937 cells (3 × 107) were collected and pelleted using the 

method described in section 2.2.1. The PBS in the Eppendorf tube 
was then exchanged with 50 mM Tris buffer (0 mM NaCl, pH 7.4) 
as a hypotonic treatment for 30 min. Aside from this pellet sample, 
using Scepter™ 2.0, which is a handheld automated cell counter 
(Merck Millipore), changes in the cell diameters after hypotonic 
treatment were measured at intervals of 5 min up to 30 min. In 
addition, TEM images of the hypotonic-treated cells were obtained. 

2.3 In vitro MR imaging systems. 
MRI was performed using a 3T MR system (MAGNETOM 

Skyra, version VE11, Siemens Healthineers). A positioning device 
that could stand twin 4-Channel special-purpose coils (Siemens 
Healthineers) in parallel was used, and a plastic container was 
positioned between the coils. The plastic container was filled with 
water, and the Eppendorf tube was placed via a silicone table (Fig. 
1a). Coils and plastic containers were positioned at the center of the 
MRI gantry and left for 5 min before MR imaging, allowing the 
vibration of water to disappear. T1-weighted, T2-weighted, and 
DWI MR imaging with 15 b-values between the b-values of 0 to 
4000 s/mm2 were performed with appropriate imaging parameters, 
as shown in Table 1. To measure the DWI signal intensities of the 
samples, an irregular region of interest was manually placed, 
including the maximum pellet or cellular extract area, and excluding 
the tube wall on the b=0 s/mm2 DWI image, which was copy and 
pasted on another b-value image (Fig. 1b).  

Fig. 1. In vitro MRI system to assess the diffusion of the cellular 
samples. 
a. Overview of the system. M, cellular sample; S, silicone table; C, 
coil; PBS, phosphate-buffered saline; W, water. 
b. T1-, T2-, and diffusion-weighted MR images of cell pellets at the 
bottom of an Eppendorf tube. The broken-line area indicates the  
region of interest placed on b=0 (s/mm2) DWI image.  
c. Diffusion-weighted signal decay curves of the CV-1 (upper three 
lines) and U937 (lower three lines) cell pellets. 

Table 1. MR imaging parameters of the cellular samples 

 
2.4 Noise collection of the DWI signals 

Noise in MR image data increases the mean signal intensity of 
image regions owing to the usually performed magnitude 
reconstruction. DWI is especially affected by high noise levels for 
several reasons, and a decreasing SNR at increasing diffusion 
weighting causes systematic errors when calculating ADCs. Several 
approaches have been adopted to exclude noise from MR signals. 
We adopted a noise collection method with a Gaussian intensity 
distribution model [12]. 

2.5 Multiexponential curve fitting of the diffusion-weighted MR 
signals 

In this study, we assumed that the multiexponential fitting 
method could successfully differentiate various subcellular 
diffusions in multiple compartments. The diffusion coefficients (D) 
and fractions (f) of different cellular compartments, as well as the 
relation between signal intensities (SI) and b-values (b), were fitted 
using the Levenberg Marquardt algorithm by a multiexponential 
function: 

Sb/S0 = f1・exp(-b・D1) + ‥‥ + fx・exp(-b・Dx),  
f1 + ‥‥+ fx = 1                        
where Sb and S0 represent the SI at a given b-value and no 

diffusion weighting (b=0 s/mm2), D1 to Dx represent the diffusion 
coefficients, and f1 to fx represent the fractions divided into x 
compartments. KaleidaGraph (HULINKS) was used to perform 
these fittings, which requires setting the initial D and f values for 
approximation. According to the initial setting values, the 
calculated D and f values differ; thus, we choose the D and f values 
with the highest coefficients of determination (R2). We first 
performed a monoexponential fitting with b-values of 0 to1000 
s/mm2 for all cellular samples, followed by bi-, tri-, and 
tetraexponential fittings with b-values of 0 to 4000 s/mm2 of the cell 
pellets, bi- and triexponential fittings of the nuclear pellets, and 
biexponential fitting of the other cellular extract samples, 
respectively. 

 
3. Results 

Tables 2-5 show the diffusions and fractions of all cellular 
samples. In all cases, R2 values were greater than or equal to 0.98, 
showing high approximation accuracy of these fittings. 

3.1 Diffusivities of CV-1 and U937 cell pellets 
Fig. 1c shows the different DWI signal decay curves of the CV-

1 and U937 cell pellets. The approximate D and f values were 
different between these two cells (Tables 2 and 3). The D1 and D2 
values for tri- and tetraexponential fitting of U937 pellets were 
larger than those of CV-1. TEM images demonstrated 
microstructural differences between these cells (Fig. 2a and 2b). 

Fig. 2. TEM images of the CV-1 (a) and U937 (b) cells. 



Table 2. D and f values of the CV-1 cell pellets. 

 
Table 3. D and f values of the isotonic-treated U937 cell pellets. 

 
Table 4. D and f values of the hypotonic-treated U937 cell pellets. 

*: p<0.05, compared with those of isotonic environment (see 
Table 3), Welch’s t test. 

**: Permutaion test revealed the difference of f1 to f4 distributions 
between hypotonic and isotonic treated cells (see Table 3).  

 
3.2 Effects of hypotonic treatment on diffusivities of U937 cell 

pellets 
Fig. 3 and Table 4 show the morphological changes and 

diffusivities after hypotonic treatment of U937 cell pellets. 
Compared with the isotonic environment (Fig. 3a), an apparent 
increase in the cell size was observed by hypotonic treatment on 
macro- and microscopic images (Fig. 3b), and TEM images 
demonstrated roundly enlarging cells and nuclei with numerous 
vesicles in them. Cell diameters began to increase just after 
hypotonic treatment, reached a plateau in the first 5 min (p<0.005, 
Steel-Dwass test), and did not change after 180 min (Fig. 3c). All 
D1 and D2 values approximated by tri- and tetraexponential fittings 
decreased after hypotonic treatment compared with the isotonic 
environment, whereas D2 approximated by biexponential, D3, and 
D4 values approximated by tri- and tetraexponential fittings 
increased (Tables 3 and 4, and Fig. 3d). Similarly, all f1 percentages 
decreased after hypotonic treatment, whereas f2 to f4 percentages 
increased in all multiexponential fittings (Tables 3 and 4). 

3.3 Diffusivities of the CV-1 cellular extracts 
Table 5 shows the D and f values of the CV-1 cellular extracts 

(nucleus pellets, plasma membranes, organelle membranes, 
chromatins, and DNA). D values of the nucleus pellets could be 
divided to two and three compartments by bi- and triexponential 
fittings, while other suspension samples were divided to two 
compartments by biexponential fittings. D1 to D3 values of the 
nucleus pellets approximated by triexponential fittings are close to 
the D1 to D3 values of the cell pellets approximated by 
tetraexponential fittings (see Table 2). Also, biexponentially 
approximated D2 values of plasma membranes, organelle 
membranes, and chromatins are close to D3 values of the cell pellets 
approximated by tetraexponential fittings. While D2 values of the  

Fig. 3. Morphological changes and diffusion coefficients after 
hypotonic treatment of the U937 cell pellet, as compared to isotonic 
treatment. 

a. and b. Macro-, micro-, and TEM images of isotonic-treated (a) 
and hypotonic-treated (b) cells.  

c. Cell diameter changes after hypotonic treatment. 
d. Comparison of the D values (D1-D4) between isotonic- and 

hypotonic-treated cell pellets approximated by tetraexponential fitting. 
 

DNA samples are close to D4 values of the cell pellets approximated 
by tetraexponential fittings, D1 values of the plasma membranes, 
organelle membranes, chromatins, and DNA samples are larger than 
the D1 values of the cell pellet samples. 
 
Table 5. D and f values of the CV-1 cellular extracts. 

 
4. Discussion 

In this study, we tried to profile water diffusivity in different 
compartments of the cell using a multiexponential fitting method 
from DWI with multiple and high b-values. As aforementioned, fast 
and slow diffusion components approximated by the biexponential 
model are regarded as extra- and intracellular diffusion, respectively. 
However, in biomedical tissues, in addition to the diffusion of 
extracellular spaces or intracellular membranous restrictions, 
incoherent motions of blood in the peripheral capillaries manifest 
with fast diffusion. Furthermore, various protein molecules in the 
cell change the viscosity of the intracellular fluid, which also affects 
intracellular diffusivities. Therefore, actual DWI signal decay is 
intrinsically composed of multi-exponential components, and is not 
approximated by mono-, bi-, or even tetraexponential models [13]. 
However, mathematically approximating the evaluation is essential 
for the elucidation of many biological processes. 
   Using multiexponential fittings, we divided the diffusion of 
cellular pellet samples into four compartments. Unfortunately, the 
pentaexponential fittings failed. Different diffusion properties of the 
CV-1 and U937 cell pellets were observed, which were probably 
derived from differences in the intra- or extracellular structures, 
such as the length of the plasma membrane, intracellular 
membranous structures, and nuclear size. 



Hypotonic tissue conditions lead to cell swelling and decreases 
in tissue ADCs [14], consistent with the present results obtained 
using monoexponential fittings. Furthermore, our tetraexponential 
fittings also revealed decreased D2, and increased D3 as well as D4 
in the hypotonic treatment. Hypotonic treatment changes the 
intracellular viscosity and leads to a change in the diffusivity of the 
cell. TEM images revealed that hypotonic treatment led to the 
apparent swelling of both cell and nucleus and narrowed 
cytoplasmic spaces, which is consistent with the present results.  

In the past decades, many researchers have investigated 
intracellular diffusivities using various methods [15-17]. Our 
present study is generally consistent with these results and reveals 
the potential of evaluating diffusivity using DWI. The D value 
differentiation of this tetraexponential model corresponds to the 
extra- and intracellular diffusivities analyzed by the FCS of living 
cells [7]. In summary, we have proposed potential biological 
interpretations for the four compartments of the tetraexponential 
model (Fig. 4 and Table 6). 

Fig. 4.  Potential biological interpretations for the four  
compartments of the tetraexponential model. 
 
Table 6. Comparison of mean diffusion coefficients of the CV-1 cell 
pellet and cellular extracts. 

   
 This study has some limitations. First, the cellular samples did 

not reflect the environment of actual living tissues, and there was 
no blood flow in the samples. In addition, the concentrations and 
environments of the cellular extract samples were quite different 
from those of living cells. For example, the DNA concentration used 
in our study was 30 μg/ml, while referencing to the research by 
Maul et al. [18], DNA concentration in the CV-1 nucleus was 
approximately 23,000μg/ml. Therefore, actual diffusion might be 
close to zero. The diffusion time used in this study may be another 
limitation. In this in vitro study, as a hardware limitation, the 
diffusion time was set to 116 ms to obtain a sufficient image quality 
such as signal-to-noise ratio, which was longer than that in clinical 
settings (approximately 40 ms). With long diffusion times, water 
molecules may diffuse over distances largely encompassing cell 
dimensions or domains, thus making the concept of “compartments” 
fussy and the intrinsic diffusion parameters somewhat mitigated 
[19].  

In conclusion, our present study revealed the potential of using 
DWI for evaluating intracellular diffusion into subcellular 
compartments. However, further studies are needed before this 
technique could be applied to biological tissues. 
 
Competing interests 
The authors declare that they have no competing interests. 
 
Acknowledgements 
We thank Shinpei Morimoto for his advice on the statistical analysis. 
We also thank EDITAGE for editing this manuscript. 

 
References 

[1] Koh DM, Collins DJ. Diffusion-weighted MRI in the body:  
applications and challenges in oncology. AJR 2007;188:1622– 
35. 

[2] Stejskal EO, Tanner JE. Spin diffusion measurements: spin  
echoes in the presence of a time-dependent field gradient. J  
Chem Phys 1965;42:288–92. 

[3] Le Bihan D, Breton E, Lallemand D, et al. MR imaging of 
intravoxel incoherent motions: application to diffusion and 
perfusion in neurologic disorders. Radiology 1986;161:401-7. 

[4] Eida S, Sumi M, Sakihama N, et al. Apparent diffusion  
coefficient mapping of salivary gland tumors: prediction of the  
benignancy and malignancy. AJNR Am J Neuroradiol  
2007;28:116-21. 

[5] Sasaki M, Eida S, Sumi M, et al. Apparent diffusion coefficient  
mapping for sinonasal diseases: differentiation of benign and  
malignant lesions. AJNR Am J Neuroradiol 2011;32:1100-6. 

[6] Sumi M, Nakamura T. Head and neck tumours: combined MRI  
assessment based on IVIM and TIC analyses for the  
differentiation of tumors of different histological types. 
European Radiol 2014;24:223-31. 

[7] Eida S, Van Cauteren M, Hotokezaka Y, et al. Length of intact  
plasma membrane determines the diffusion properties of  
cellular water. Sci Rep 2016;6:19051. 

[8] Niendorf T, R M Dijkhuizen, D G Norris, et al. Biexponential  
diffusion attenuation in various states of brain tissue:  
implications for diffusion-weighted imaging. Magn Reson Med  
1996;36:847-57. 

[9] Hayashi T, Miyati T, Takahashi J, et al. Diffusion analysis with  
triexponential function in hepatic steatosis. Radiol Phys Technol  
2014;7:89–94. 

[10] Jensen JH, Helpern JA, Ramani A, et al. Diffusional kurtosis  
imaging: the quantification of non-Gaussian water diffusion by  
means of magnetic resonance imaging. Magnetic Resonance in  
Medicine 2005;53:1432-40. 

[11] Chikui T, Tokumori K, Panyarak W, et al. The application of a  
gamma distribution model to diffusion-weighted images of the  
orofacial region. Dentomaxillofac Radiol 2021;50:20200252. 

[12] Dietrich O, Heiland S, Sartor K. Noise correction for the exact  
determination of apparent diffusion coefficients at low SNR.  
Magnetic Resonance in Medicine 2001;45:448–53. 

[13] Takahashi T, Hori M, Motosugi U, Takahashi M. eds.: Clinical  
MRI at your fingertips. 4th ed. 2021 MEDICAL VIEW. p141-3. 

[14] Jelescu I. O, Ciobanu L, Geggroy F, et al. Effects of hypotonic  
stress and ouabain on the apparent diffusion coefficient of water  
at cellular and tissue levels in Aplysia. NMR Biomed 2014;27:  
280–90. 

[15] Wassal SR. Pulsed field gradient-spin echo NMR studies of  
water diffusion in a phospholipid model membrane. Biophysical  
Journal 1996;71:2724-32. 

[16] Lukacs GL, Haggie P, Seksek O, et al. Size-dependent DNA  
mobility in cytoplasm and nucleus. J. Biol. Chem 2000;  
275:1625-9. 

[17] Le Bihan D. Chapter 16. Water and the mind: Role of water,  
cell membranes, and diffusion in brain function imaging. Water:  
The Forgotten Biological Molecule. 2018 ROUTLEDGE. 
p289-332. 

[18] Maul GG, Deaven L. Quantitative determination of nuclear  
pore complexes in cycling cells with differing DNA content. J  
Cell Biol 1977;73:748-60. 

[19] Andre B, Eric H, Han S. Short diffusion time diffusion- 
weighted imaging with oscillating gradient preparation as an  
early magnetic resonance imaging biomarker for radiation  
therapy response monitoring in glioblastoma: a preclinical  
feasibility study. Int J Radiation Oncol Biol Phys 2018;  
102:1014-23. 


