
O

E
p
d
l

M
a

b

a

A

R

R

3

A

A

K

M

D

W

D

P

P

t
a
v

h
1

reports of practical oncology and radiotherapy 2 4 ( 2 0 1 9 ) 3–11

Available  online  at  www.sciencedirect.com

ScienceDirect

jou rn al hom ep age: ht tp : / /www.e lsev ier .com/ locate / rpor

riginal research article

stimation  of  microvascular  capillary  physical
arameters using  MRI  assuming  a pseudo  liquid
rop as  model  of  fluid  exchange  on the  cellular

evel

ansour Ashoora, Abdollah Khorshidib,∗, Leila Sarkhosha

Nuclear Science & Technology Research Institute, P.O. Box: 113653486, Tehran, Iran
Cellular and Molecular Research Center, Gerash University of Medical Sciences, P.O. Box: 7441758666, Gerash, Iran

 r  t  i  c  l  e  i  n  f  o

rticle history:

eceived 9 October 2017

eceived in revised form

0 April 2018

ccepted 6 September 2018

vailable online 10 October 2018

eywords:

icrovasculature

iffusion MRI

istar rats

iameter

ores

seudo-liquid drop model

a  b  s  t  r  a  c  t

Aim: One of the most important microvasculatures’ geometrical variables is number of pores

per  capillary length that can be evaluated using MRI. The transportation of blood from inner

to  outer parts of the capillary is studied by the pores and the relationship among capillary

wall thickness, size and the number of pores is examined.

Background: Characterization of capillary space may obtain much valuable information on

the  performance of tissues as well as the angiogenesis.

Methods: To estimate the number of pores, a new pseudo-liquid drop model along with

appropriate quantitative physiological purposes has been investigated toward indicating a

package of data on the capillary space. This model has utilized the MRI perfusion, diffusion

and  relaxivity parameters such as cerebral blood volume (CBV), apparent diffusion coeffi-

cient (ADC), �R2 and �R∗
2 values. To verify the model, a special protocol was designed and

tested on various regions of eight male Wistar rats.

Results: The maximum number of pores per capillary length in the various conditions such

as  recovery, core, normal-recovery, and normal-core were found to be 183 ± 146, 176 ± 160,

275  ± 166, and 283 ± 143, respectively. This ratio in the normal regions was more  than that

of  the damaged ones. The number of pores increased with increasing mean radius of the
capillary and decreasing the thickness of the wall in the capillary space.

Conclusion: Determination of the number of capillary pore may most likely help to evaluate
angiogenesis in the tissue

©  2018 Greater Poland 

Abbreviations: ADC, apparent diffusion coefficient; CBF, cerebral blo
otal  capillary length; MTT, mean transit time; ROI, region of interest; M
ngle  shot; DWI, diffusion weighted imaging; PWI, perfusion weighted
iew.
∗ Corresponding author.

E-mail addresses: ashoor 44@yahoo.com (M. Ashoor), abkhorshidi@
ttps://doi.org/10.1016/j.rpor.2018.09.007
507-1367/© 2018 Greater Poland Cancer Centre. Published by Elsevier S
s and treatment planning of abnormal ones.

Cancer Centre. Published by Elsevier Sp. z o.o. All rights reserved.

od flow; CBV, cerebral blood volume; VSI, vessel size index; TCL,
CA, middle cerebral artery; RF, radio frequency; FLASH, fast low

 imaging; 2DFT, two-dimensional Fourier transform; FOV, field of

yahoo.com (A. Khorshidi), lsarkhosh@yahoo.com (L. Sarkhosh).

p. z o.o. All rights reserved.

https://doi.org/10.1016/j.rpor.2018.09.007
http://www.sciencedirect.com/science/journal/15071367
http://www.elsevier.com/locate/rpor
http://crossmark.crossref.org/dialog/?doi=10.1016/j.rpor.2018.09.007&domain=pdf
mailto:ashoor_44@yahoo.com
mailto:abkhorshidi@yahoo.com
mailto:lsarkhosh@yahoo.com
https://doi.org/10.1016/j.rpor.2018.09.007


nd r

In general, the transport of essential water soluble molecules
across the cell membrane is achieved through the use of spe-
cial transmembrane proteins that have a high specificity for a
4  reports of practical oncology a

1.  Background

Some theories have been proposed to recognize the perfor-
mance of tissues via estimating some microvascular capillary
physical parameters. Those may be developed to evaluate tis-
sue metabolism in MRI. Capillaries are a part of cardiovascular
system, consisting of single layer endothelial cells, permit
rapid exchange of water and solutes with interstitial fluid via
the pores created dynamically as ding-dong in the capillary
wall, and form an interconnecting network of tubes of differ-
ent lengths. Capillary density distribution and its geometrical
specifications vary from tissue to tissue. In metabolically
active tissues the capillaries are numerous, whereas in less
active tissues the capillary density is low. Therefore, geometry
evaluation of capillaries may be useful in medicine.

The MRI  perfusion, diffusion and relaxivity parameters
such as cerebral blood volume (CBV), apparent diffusion
coefficient (ADC), the differences between relaxation rates
pre-contrast and post-contrast agent injection (�R2 = R2 − R’2
and �R*2 = R2 − R’*2 without and with considering magnetic
field impurity correspondingly) were using to characterize the
microvasculature space. For instance, an approach suggested
by Dennie et al.1 which measures changes in the spin–spin
suggested relaxation rates 1/T’2 = R’2 and 1/T’*2 = R’*2 caused
by the injection of a blood pool restricted contrast agent, are
proposed to be sensitive to microvessel density. Van Rijswijk
et al.2 have reported that apparent diffusion coefficient (ADC)
values of all tumors, subcutaneous fat, and muscle were sig-
nificantly higher than true diffusion coefficients, indicating
a contribution of perfusion to the ADC. Also, true diffusion
measurements, which are corrected for the perfusion effect,
have potential to be used as a noninvasive parameter in the
characterization of soft-tissue masses. Therefore, in theory,
diffusion and perfusion information in MRI maps are com-
bined to obtain morphological information such as mean
radius, volume and possibly capillary plasma velocity. Also,
the appropriate practical investigations on measuring mean
radius of capillary in the various regions of rat brain are pre-
sented.

Gambarota et al.,3 an enhanced contrast method in mea-
suring blood volume have utilized for brain tumors via
Gadolinium-DTPA/USPIO agents to distinguish vascular leak-
age and ultra-small iron oxide particles. Although the defined
index in micro- and macro-vasculatures has been character-
ized, it hast been not estimated by different weighted and
b-values. On the other hand, some researchers4–7 recently
have reported the diffusion-weighted imaging (DWI) of soft
tissue and musculoskeletal lesions to estimate perfusion frac-
tions to compare with the ADC values. Pekcevik et al.,4 have
determined the mean ADC amounts by single-shot echo-
planar imaging technique using a 1.5 T MRI  device that some
overlap have reported between benign and malignant tumors.
In this study, combination of diffusion and perfusion maps
including capillary density, volume, capillary plasma velocity,
CBV, ADC and the differences between relaxation rates before

and after contrast-agent injection is utilized to determine
the relation among mean radius, number of pores and wall
thickness of capillary in four different regions. To differenti-
ate normal from abnormal domains, the corrected perfusion
adiotherapy 2 4 ( 2 0 1 9 ) 3–11

effect can be scrutinized by a new method called pseudo-
liquid drop model.

2.  Aim

A combined model is suggest to confirm a package of data
on geometrical parameters and an essential way in trans-
portation of blood from inner to outer parts of the capillary.
It is utilized from CBV, ADC, �R2 and �R∗

2 values to calculate
the number of pores per capillary length. The aim is to esti-
mate mean radius, length and capillary density in normal and
abnormal regions by introducing pseudo-diffusion coefficient.

3.  Materials  and  methods

3.1.  Theory

One may estimate the mean capillary radius (rc) by using the
CBV, ADC, �R2 and �R∗

2 values as follows,8,9

rc(�m)=

(
7.57 × 103 D.CBV

Vol(voxel)
.
�R∗2

2

�R3
2

)0.5

(1)

where D is diffusion constant of water.10,11 The residence time
of blood in a capillary is also only on the order of 1–2 s. There-
fore, each capillary may only support a very small volume of
tissue in which the blood pass from the capillary thickness
as pseudo-liquid drops based on twofold permeable process.
The capillary lumen lies within a circumferential ring of sev-
eral endothelial cells, as shown in Fig. 1. The endothelium is
perforated by numerous small holes called fenestrae which
are considered for passing blood as pseudo-liquid drop. The
fenestrae are sometimes covered by a thin membrane that
provides selectivity with regard to the size of solutes that
are allowed to pass through. The flow of charged molecules
through channels in the cell membrane is responsible for the
creation of the membrane potential. Solute transport occurs
both through bulk fluid motion and by solute diffusion due to
the presence of solute concentration gradients. The diffusion
of a solute will also be affected by the presence of a vari-
ety of heterogeneous structures. Solutes will need to diffuse
through porous structures such as the capillary wall, around
or through cells within the extravascular space, and through
the interstitial fluid containing a variety of macromolecules.12
Fig. 1 – Cross section diagram of a capillary12 [p. 104].

https://doi.org/10.1016/j.rpor.2018.09.007
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Fig. 2 – (a) Membrane transport proteins. Carrier protein
exists in two conformational states, “ding” and “dong”12

[p. 113]. (b) Solvent flows  across solute in small pores
increases drag12 [p. 205].
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four sets of images (7 slices for each set) were obtained using
echo times (TE) of 20, 40, 60, and 80 ms  and a repetition time
ertain type or class of molecules. There are two basic types
f membrane transport proteins, carrier proteins and chan-
el proteins. The carrier proteins bind to the solute and then
ndergo a change in shape or conformation (“ding” to “dong”)
hat allows the solute to traverse the cell membrane to be
amed as pseudo-liquid drop here. The carrier protein there-

ore changes between two shapes, alternately presenting the
olute-binding site to either site of the membrane. Channel
roteins actually form water-filled pores that penetrate across
he cell membrane. Solutes that cross the cell membrane by
ither carrier or channel proteins are said to be passively
ransported.12 Thus, in this study, it is supposed that blood

oves into tissue from capillary as pseudo-liquid drops with a
hape of spherical with mean radius of RS approximately which
phere volume is as 4.189RS

3, as shown in Fig. 2. Assuming in
he steady state situation and under common conditions, the
raction of all blood in the capillary (˛) is in the pores of the
apillary wall, one may obtain the following formula,

 ×  ̨ × (r − RS)2 × l = 4 × np × R3
S (2)

here np and r are the number of pores on the capillary wall
nd capillary radius, respectively. The  ̨ parameter is a con-
tant value at the ranges 0 through 1. Also, in this model, one
ay suppose that the 2 × RS = � value is the wall thickness of

apillary due to connectivity and disconnectivity endothelial
ells. Thus, the number of pores per length is as follows,
np

l
= 3˛(2r  − ω)2

2 × ω3 (3)
diotherapy 2 4 ( 2 0 1 9 ) 3–11 5

Alternatively, the number of the pores per total capillary
surface area (TCSA) is defined as follows,

np

TCSA
= np

2�(r − ω/2) × l
= 3˛(2r − ω)

2� × ω3 (4)

Besides, the mean capillary diameter is very larger than the
wall thickness (2r  � �), so 2r − � ≈ 2r. Rewriting Eqs. (3) and (4),
one may obtain,

np

l
∼= 45.42 × 103 ˛

ω3

D.CBV

Vol(voxel)
.
�R∗2

2

�R3
2

(5)

np

TCSA
= ˛

ω3

(
6.9 × 103 D.CBV

Vol(voxel)
.
�R∗2

2

�R3
2

)0.5

(6)

The number of pores per capillary length and per the total
capillary surface area will be maximum while  ̨ = 1. It may
be assumed that  ̨ = 1, because the capillaries’ radii are very
small approximately 2.5 �m and the wall thickness is almost
0.5 �m.  Therefore, one may obtain 0.4 × r = 2 × � which indi-
cates approximately the volume of all blood in the capillary is
the same as that of in the capillary wall.

3.2.  MRI  measurement  procedure

To evaluate the proposed theory and develop a test protocol,
the following measurement was made on various vascula-
ture regions of eight male Wistar rats using a 7 T MRI  system.
Briefly, an aged white clot (prepared 24 h before ischemia)
was slowly injected into the internal carotid artery to block
the middle cerebral artery (MCA).13,14 All animal experiments
were carried out in accordance with National Institutes of
Health guide for the care and use of Laboratory animals (NIH
Publications No. 8023, revised 1978). MRI  measurements were
performed using a 7 T, 20 cm bore super conducting magnet
(Magnex Scientific, Abingdon, UK) interfaced to a SMIS con-
sole (Surrey, England). A 12-cm bore actively shielded gradient
coil set; capable of producing magnetic field gradients up to
20E−4T/cm was used. The radio frequency (RF) pulses were
applied by a 7.5 cm diameter saddle coil actively decoupled by
transistor–transistor logic (TTL) control from the 1.4 cm sur-
face receive coil which was positioned over the center line of
the animal skull. Stereotaxic ear bars were used to minimize
movement  during the imaging procedure. During MRI  mea-
surements, anesthesia was maintained using a gas mixture of
N2O (69%), O2 (30%) and halothane (1%). Rectal temperature
was kept at 37 ± 0.5 ◦C using a feedback controlled water bath.

A modified fast low angle shot (FLASH)15 imaging sequence
was employed for reproducible positioning of the animal in the
magnet at each MRI session.16–18 Diffusion weighted imaging
(DWI) and perfusion weighted imaging (PWI) measurements
were performed at 24 h after onset of embolization.

The spin–spin relaxation time (T2) was measured by using
standard two-dimensional Fourier transform (2DFT) multi-
slice (seven slices) multi-echo (four echo) MRI. A series of
(TR) of 3 s. Images were produced using a 32 mm field of view
(FOV), 2 mm slice thickness, and 128 × 64 image  matrix. The

https://doi.org/10.1016/j.rpor.2018.09.007
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to be 183 ± 146, 176 ± 160, 275 ± 166, and 283 ± 143, respec-
6  reports of practical oncology a

total time for the entire sequence was approximately 3.2 min.
Transverse relaxation rates, R∗

2, R2’, and R2 (1/T∗
2, 1/T2’, and

1/T2), were measured by using the Look-Locker sequence19

which provides the data required to construct multi-section
maps of R∗

2, R2’, and R2 in a single acquisition.19–21 For this
study, five gradient echoes, with a first echo time of 10 ms  and
an inter-echo spacing of 8 ms,  were acquired prior to the 180◦

pulse. The echo train after the 180◦ pulse contained six echoes
separated by 8.1 ms.  A series of eleven sets of images (7 slices
for each set) were obtained using TEs of 98 ms  and a TR of 3 s.
Images were produced using a 32 mm FOV, 2 mm slice thick-
ness, and 128 × 128 image  matrix. The total time for the entire
sequence was approximately 6.4 min.

ADCw was measured by using the Stejskal–Tanner
sequence with three b-values (10, 800, and 1800 s/mm2) in each
of three diffusion sensitizing directions, seven slices, 32 mm
FOV, 128 × 64 matrix size, TR = 1.5 s and TE = 40 ms.  Each image
required a scan time of 3.2 min  for completion. The total time
for the entire sequence was approximately 14.4 min.

Perfusion measurements were performed prior to each
diffusion measurement by using arterial spin tagging

22–24
technique. Two images were obtained for perfusion
measurement with parameters, TR = 1 s, TE = 30 ms,  64 × 64
image  matrix, 3 mm slice thickness, and a 32 mm FOV. In
animal PWI  was measured within a coronal section, with

Fig. 3 – ADC, CBF, MTT,  �R2, �R∗
2 and CBV maps. Left side of all i

side that is a damaged region.
adiotherapy 2 4 ( 2 0 1 9 ) 3–11

coordinates centered at interaural 8.2 mm and bregma
0.8 mm.25–28 The duration of the inversion pulse was 1 s at
a B1 amplitude with a frequency of 0.3 kHz. The volume of
voxel was 0.3125 × 0.3125 × 2 mm3 here.

4.  Results

In this study, it was suggested a pseudo-liquid drop model
during blood transport along with appropriate quantitative
physiological purposes for determination of the number of
pores per capillary length in various regions using MRI. Fig. 3
depicts the obtained practical maps (MTT, ADC, CBV, CBF, �R2

and �R∗
2) utilizing noise reduction and artifact cancelation

algorithms. Using the ROIs in the various regions on the maps,
the perfusion and diffusion parameters have been measured.
Table 1 indicates the amounts of T2, ADC, �R∗

2, �R2, MTT,  CBF,
CBV, r, and Np/l in the eight rats as mean ± S.D. The maximum
number of pores per capillary length in the four regions such as
recovery, core, normal-recovery, and normal-core were found
tively. These results demonstrated that the number of pores
per capillary length in the normal regions is more  than that of
the damaged ones.

mages is normal, and selected ROIs are based on the right

https://doi.org/10.1016/j.rpor.2018.09.007
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Table 1 – Measured and calculated values of various parameters at the different regions of the rats for n = 8 at capillary
wall thickness value of w = 0.5 �m and  ̨ = 1 (mean ± S.D.).

Recovery Core Normal-recovery Normal-core

T2 (s) 59.62 ± 11.60 44.96 ± 16.30 54.17 ± 4.16 55.8 ± 6.54
ADC × 10−4 (mm2/s) 8.96 ± 1.95 2.22 ± 0.46 7.87 ± 0.9 7.89 ± 0.97
�R∗

2 (1/s) 14.87 ± 6.23 14.40 ± 5.21 14.12 ± 6.03 13.85 ± 5.38
�R2 (1/s) 7.15 ± 1.36 4.87 ± 1.64 6.95 ± 1.23 7.03 ± 1.08
MTT (s) 3.54 ± 1.49 2.94 ± 0.87 5.21 ± 3.15 5.37 ± 3.67

 0.54 1.75 ± 0.96 1.87 ± 0.91
 1.63 2.8 ± 1.69 2.88 ± 1.46

8 ± 160.35 275.52 ± 166.29 283.59 ± 143.16

m
o
c
c
t
w
r
a

p
o
0
c
C
s
w
i

c
t
p
d
n
o
c
c
a

5

T
n
t
i
h
e
c
i
s
e
c
l
c
r
e
c

Fig. 4 – Plots showing the relationship between mean
capillary radius, CBV/Vol(voxel) and CSSRT parameters where
CSSRT is �R∗2

2 /�R3
2 value with the diffusion constant of

water (a) 0.0007 mm2/s and (b) 0.0004 mm2/s. As shown,
with increasing the diffusion constant of water, the mean
CBV 0.91 ± 0.5 0.93 ±
r (�m) 1.86 ± 1.49 1.79 ±
np/l (w = 0.5) 183.38 ± 146.55 175.7

The mean capillary radius has been verified through
icroscopy methods and in various published material

n this subject.29–36 Pathak et al.30 showed that in normal
ontra-lateral section of the brain, the mean microvas-
ulature radius was 3.72 ± 0.72 �m.  Also, for instance,
he ADC values of normal cortex and caudate-putamen
ere (726 ± 22) × 10−6 mm2/sand (659 ± 17) × 10−6 mm2/s,

espectively.37 These, however, are approximately in
greement with the results obtained from this study.

With respect to the values 0.01 through 0.1 for CBV/Vol(voxel)

arameter and 1 through 1000 s for �R∗2
2 /�R3

2, the mean radius
f capillary using Eq. (1) in theory section has been varied from
.076 to 7.58 �m.  Fig. 4 depicts the relationship among mean
apillary radius, CBV/Vol(voxel) and CSSRT parameters where
SSRT is �R∗2

2 /�R3
2 value with the two different diffusion con-

tants of water as 0.0007 mm2/s and 0.0004 mm2/s. As shown,
ith increasing the diffusion constant of water, the mean cap-

llary radius increases.
According to Eq. (3) in theory, the number of pores per

apillary length increases with decreasing the capillary wall
hickness. Besides, Eq. (4) indicates that the number of the
ores per the total capillary surface area increases with
ecreasing the capillary wall thickness. Experimentally, the
umber of pores per capillary length is indicated as a function
f the mean radius and capillary wall thickness in Fig. 5. The
onstant parameter of  ̨ is 1 here. The number of pores per
apillary length will increase with increasing the mean radius
s well as decreasing the wall thickness.

.  Discussion

his manuscript focuses on estimating the number of pores. A
ew pseudo-liquid drop model along with appropriate quan-
itative physiological purposes has been investigated toward
ndicating a package of data on the capillary space. This model
as utilized the MRI  perfusion, diffusion and relaxivity param-
ters such as cerebral blood volume (CBV), apparent diffusion
oefficient (ADC), �R2 and �R∗

2 values.17 The wall of a cap-
llary consists of a single layer of endothelial cells that are
urrounded on their outside by a basement membrane. In gen-
ral, the basement membrane is about 50–100 nm thick. The
apillaries are very small, having radii of about 2.5 �m and a
ength which is less than 0.3 mm,  and the total thickness of the

apillary wall is about 0.5 �m which are in agreement with the
esults approximately here, as indicated in Table 1. Ungersma
t al.,38 have been shown correlations between in vivo vas-
ular MRI  and ex vivo structural vessel measurements so that
capillary radius increases.

the viable tumor segmentation increased sensitivity for detec-

tion of significant effects on blood volume (reduction by 18
and 36) and vessel density (reduction by 33 and 52) at 48 h
post-treatment from two antiangiogenic therapeutics. Here,
the mean radius and the number of capillary pores were

https://doi.org/10.1016/j.rpor.2018.09.007
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Fig. 5 – The maximum number of pores per capillary length is indicated as a function of the mean radius and capillary wall
thickness because the constant parameter of  ̨ is 1 here. The number of pores per capillary length will increase with

ss.
increasing the mean radius and decreasing the wall thickne

dependent on the ADC, CBV and �R∗2
2 /�R3

2 and wall thick-
ness. Quantity �R∗2

2 /�R3
2 plays a major role in quantification

of dynamic and static specifications of capillaries in perfu-
sion and diffusion MRI.39 As this quantity was increased,
for a constant CBV/Vol(voxel) in capillary space, mean capil-
lary radius was also increased. Such increase will accelerate
as CBV/Vol(voxel) was further increased. The maximum (mini-
mum) mean radius occurs when �R∗2

2 /�R3
2 and CBV/Vol(voxel)

were both maximized (minimized).
Energy depletion, temperature, intracellular water accu-

mulation, changes in tortuosity of the extracellular diffusion
paths and changes in cell membrane permeability have all
been implicated as contributing to the changes in ADCw.
The increase in ADCw appears to occur concomitantly with
loss of membrane structure and loss of barriers to diffusion.
The decreased ADCw is associated with a specific threshold
level of regional cerebral blood flow, similar to that which is
associated with the loss of membrane potential, and is also
associated with breakdown of energy metabolism, acidosis,
cellular ionic shifts, and decreased Na+, K+-ATPase activity.
Background imaging gradients, gradient linearity, refocusing
RF pulses, eddy currents, image  misregistration, noise and
dynamic range contribution as systemic sources of errors,
may affect estimation of ADC value. Also, microscopic, bio-
physical tissue properties, partial volume effects, anisotropy,
restriction, diffusion distance, compartmentation, exchange,
multiexponential diffusion decay, T2 weighting and microvas-
cular perfusion are responsible for ADC inaccuracy.11,40–43

They affect estimation of static and dynamic specifications
of capillary, not in the scope of this study.
Some important factors and mechanisms such as inter-
cellular cleft, vesicles, neutral molecules, plasma pro-
teins, hydrodynamic effects, osmotic pressure, pinocytosis,
solute radius, steric exclusion, tortuosity, plasmapheresis,
hydraulic conductance, heterogeneous materials, hydropho-
bic molecules, and sieving coefficient affect the number of
pores per capillary length. Komlosh et al.,44 have demon-
strated pore diameters were agree with pore sizes using two
methods in optical microscopy and single/double pulsed-filed-
gradient diffusion diffraction NMR spectroscopy. Also, Douma
et al.,9 have shown that the tumor blood volume in estimat-
ing vessel size was 4-fold lower with 7 T MRI  than with laser
scanning method, whereas muscle blood volume was compa-
rable. The R∗

2 and R2 parameters in regions adjacent to large
and small vessels have a different behaviors so that their
changes ratio are relevant to the average dimension of the
micro-vessels. Furthermore, Bredno et al.,45 have simulated
blood and contrast agent dynamics as a combination of con-
vection and diffusion in tubular networks by cerebral arterial
and microvascular model. The obtained curves were nearly so
that the defined vascular dispersion operator and retention
function had been evaluated. In this study, these mechanisms
that allow for the transport of solutes across the capillary wall
based on the pseudo-liquid drop model are the intercellular
cleft and pinocytotic vesicles and channels.

The intercellular cleft is a thin slit or slit-pore that is formed
at the interface between adjacent endothelial cells. The size
of thin slit is about 6–7 nm,  just sufficient to retain albumin
and other larger proteins. The collective surface area of these
openings represents less than 0.001 of the total capillary sur-
face area which is proportional with the number of pores per
capillary length. In general, the driving force for the passive
transport of solutes is due to the combined effect of their con-

centration gradient and the electrical potential difference that
exists across the membrane. Neutral molecules diffuse from
regions of high concentration to regions of low concentration.

https://doi.org/10.1016/j.rpor.2018.09.007
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owever, if the molecule carries an electrical charge, then both
he concentration gradient and the electrical potential differ-
nce, or voltage gradient, across the cell membrane will affect
he transport of the molecule. The electrochemical gradient is
he term used to describe the combined effect of charge and
olute concentration on the transport of a molecule which is
elated to the pseudo-liquid drop model. Also, the ADC of Na+

s mostly influenced by motion in the extracellular space and
a+ can be observed as a reporter molecule for motion in that

pace. The water ADC is dominated by intracellular motion as
ell.46

The plasma proteins are generally larger than the capillary
lit-pores. Although ellipsoid-shaped proteins, for example
he clotting protein fibrinogen, may have a minor axis that
s smaller than that of the capillary slit-pore, the streaming
ffect caused by the fluid motion within the capillary ori-
nts the major axis of the proteins parallel to the flow axis
nd prevents their entry into the slit-pore. Therefore, the
maller substances found in the plasma, such as ions, glu-
ose, and metabolic waste products, will readily pass through
he slit-pores of the capillary wall, whereas the plasma pro-
eins will be retained in the lumen of the capillary. Since
he plasma proteins are the only constituent of the plasma
hat does not readily pass through the capillary wall, it is the
lasma proteins that are responsible for the formation of the
smotic pressure between the interstitial and plasma fluids.
he colloid osmotic pressure is actually quite small in com-
arison to the osmotic pressure that is developed when a
ell is placed in pure water. In this case, it is assumed that
ll of the species present within the intracellular fluid are
etained by the cell membrane. The flow of fluid across the
apillary wall or a porous membrane is driven by a differ-
nce in pressure across the capillary wall or membrane. This
ressure difference arises not only from hydrodynamic effects
ut also from the difference in osmotic pressure between
he fluids separated by the membrane. Approximately 90%
f the fluid that leaves at the arterial end of the capillary

s reabsorbed at the venous end. However, the 10% that is
ot reabsorbed by the capillary collects within the intersti-
ium and enters the lymphatic system that these parameters
ffect the  ̨ value in Eq. (2). Furthermore, lipid-soluble sub-
tances such as oxygen and carbon dioxide can diffuse directly
hrough the endothelial cells that line the capillary wall with-
ut the use of the slit-pores. In addition to the slit-pores, there
re two other pathways that can provide additional routes for
he transport of large lipid-insoluble solutes such as proteins
cross the endothelium of the capillary wall. These pathways
re called pinocytosis and receptor-mediated transcytosis.47

he receptor-mediated transcytosis can provide for significant
ransport of specific solutes across the capillary endothelium.
he ligand–receptor complexes are endocytosed forming tran-
cytotic vesicles. These vesicles are either processed internally
r they can move through the cell and reattach themselves
o the opposite side of the cell. The transcytotic vesicle then
eleases its contents by exocytosis. In many  cases in pore dif-
usion, the solute radius is also comparable to that of the pore

adius. This leads to two additional effects, both reducing the
iffusion rate of the solute. The first effect, called steric exclu-
ion, restricts the ability of the solute from entering the pore
rom the bulk solution. Therefore, only a fraction of the pore
diotherapy 2 4 ( 2 0 1 9 ) 3–11 9

volume is available to the molecule. Because of steric exclu-
sion, the equilibrium concentration of solute is less within the
pore mouth than in the bulk solution. As the solute molecule
diffuses through the pore, it experiences hydrodynamic drag
caused by the flow of solvent over the surface of the solute, as
shown in Fig. 2b. As the solute radius increases relative to that
of the pore radius, this hydrodynamic drag increases, reduc-
ing or restricting the diffusion of the solute through the pore
compared to its motion in the bulk fluid.

Some of the blood plasma that enters the capillary will be
carried or filtered across the capillary wall by the combined
effect of the hydrodynamic and oncotic pressure differences
that exist between the capillary and the surrounding intersti-
tial fluid. The heterogeneous materials affect solute diffusion.
There are the types of solute diffusivity such as the diffusiv-
ity within the pores of the capillary wall. For solute transport
across the capillary wall, one must consider that the avail-
able surface area is not the total surface area, but the pore
area. This assumes that the solute itself is not soluble in the
continuous nonporous phase. Furthermore, the solute must
follow a path through the pores that is more  tortuous, making
the diffusion distance greater than the thickness of the mem-
brane. Obviously, a great of pores exist on the capillaries for
passing blood into tissue which these pores vary dynamically
from geometrical specification point of view.

Furthermore, the perfusion of the plasma across the capil-
lary wall will carry with it a variety of solutes that are present
in the blood. Because of the size of the pores in the capillary
wall, this filtration of the plasma by the capillary wall will also
tend to separate the solutes on the basis of their size.

Discontinuous capillaries have large endothelial cell gaps
that readily allow the passage of proteins, and even red blood
cells. Solute transport through the capillary wall as a rep-
resentative porous semipermeable membrane is considered.
The cell membrane is impermeable to polar or other water-
soluble molecules. Hence, large neutral polar molecules like
glucose have very low cell membrane permeabilities. Charged
molecules and ions such as H+, Na+, K+, and Cl− also have
very low permeabilities. Hydrophobic molecules, such as oxy-
gen and nitrogen, readily dissolve in the lipid bilayer and show
very high permeabilities. Smaller neutral polar molecules such
as CO2, urea, and water, are able to permeate the lipid bilayer
because of their much smaller size and neutral charge. These
parameters have a key role on the number of pores per capil-
lary length.

In this study, it was suggested a pseudo-liquid drop model
along with suitable quantitative physiological purposes for
determination of the number of pores per capillary length
in various regions using MRI. This model was utilized as an
essential way in transportation of blood from inner to outer
parts of the capillary. The number of pores per capillary length
in the normal regions was more  than that of the damaged
ones. Finally, the number of pores increased with increas-
ing mean radius of capillary as well as decreasing the wall
thickness. At present, there is no technique for measuring the
number of pores on the capillary wall for comparing with the

obtained results of the theory. Perhaps this subject will be eval-
uated by using smart nano-materials as contrast agents which
injected into the vessel. The microvasculature geometrical
features on capillary wall thickness, the size and number of

https://doi.org/10.1016/j.rpor.2018.09.007
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pores could be scrutinized by precise specification via relation
among CBV, ADC, �R2 and �R∗

2. By completing the pseudo-
liquid drop model and considering other components and
variables, there might be another way to achieve comprehen-
sive method. The corrected diffusion via weighted and various
b-values need to more  investigated in estimation of perfusion
fraction within normal and abnormal parts.

6.  Conclusions

The evaluation of microvasculature space by MRI  may pro-
vide more  information about tissues to demonstrate their
function and to choice the best approach in treatment plan-
ning. The number of pores per capillary length and pore
sizes can be increased by accumulation of proteins because
protein–protein interactions strengthen cell wall supporting
expansion. The discrimination among various lesions in map-
ping ADC needs knowing the potential causes of biochemical
parameters apart from cellular evidences. Also, examples of
changes in blood transportation and different contrast agents
can be instrumental in examining the number of capillary
pores.
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