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Cerebral arterial architectonics 
and CFD simulation in mice 
with type 1 diabetes mellitus 
of different duration
Galina Yankova1*, Darya Tur2, Daniil Parshin1, Alexander Cherevko1 & Andrey Akulov2

Type 1 diabetes is a chronic autoimmune disease that affects tens of millions of people. Diabetes 
mellitus is one of the strongest factors in the development of cerebrovascular diseases. In this study 
we used NOD.CB17 Prkdcscid mice and the pharmacological model of type 1 diabetes mellitus of 
different duration to study changes in the cerebral vasculature. We used two combined approaches 
using magnetic resonance angiography both steady and transient CFD blood flow modeling. We 
identified the influence of type 1 diabetes on the architectonics and hemodynamics of the large blood 
vessels of the brain as the disease progresses. For the first time, we detected a statistically significant 
change in angioarchitectonics (the angles between the vessels of the circle of Willis, cross-sections 
areas of vessels) and hemodynamic (maximum blood flow rate, hydraulic resistance) in animals with 
diabetes duration of 2 months, that is manifested by the development of asymmetry of cerebral 
blood flow. The result shows the negative effect of diabetes on cerebral circulation as well as the 
practicability of CFD modeling. This may be of extensive interest, in pharmacological and preclinical 
studies.

More than 200 million people have been diagnosed with diabetes. About 10% of them are sick with type 1 dia-
betes. Type 1 diabetes mellitus is a widespread chronic autoimmune  disease1. Long-term course of the disease 
leads to the development of associated  illness2. Thus, diabetes mellitus is one of the strongest factors in the 
development of cerebrovascular  diseases3. Multiple studies suggest that hyperglycemia can cause excess free 
fatty  acids4, loss of endothelial nitric  oxide5,6, prothrombotic  state7, endothelial  dysfunction8,9, abnormal release 
of endothelial  vasoconstrictors10, vascular smooth muscle  dysfunction11, oxidative  stress12,13, which can lead to 
damage to blood vessels and the development of pathological blood flow in them. Vascular disorders can also 
occur in the cerebral vasculature. View of the above it is expected that with an increase in the diabetes duration, 
the changes in the cerebral vessels hemodynamics can potentially appear or intensify.

The cerebral vascular system has a complex structure. The basic component of the cerebral vasculature is 
a complex of large arteries consisting of carotid and vertebral arteries as well as the circle of Willis formed by 
anterior cerebral arteries, anterior communicating arteries, posterior cerebral arteries, posterior communicating 
arteries as well as middle cerebral  artery14.

On the one hand, the structure of these vessels should be sufficiently conservative. On the other hand, it is 
natural to assume that with the course of the disease leading to changes in the functioning of the circulatory 
system and the need for its adaptation there may be a change in the geometry and hemodynamic regime of this 
arterial complex.

These arteries are the largest in the brain and therefore their architectonics is available for study by Magnetic 
Resonance Imaging (MRI) methods.

Blood vessel geometry data obtained by magnetic resonance angiography (MRA) can be used for subsequent 
CFD simulation. Since the hemodynamics study is associated with a complex flow geometry and complicated 
flow, application packages, ANSYS, COMSOL, OpenFOAM, etc.15–17, are often used to solve the problem of 
moving blood through the vessels.

In this work, the influence of type 1 diabetes lasting 1 and 2 months on the architectonics and hemodynamics 
of cerebral blood vessels was studied using NODSCID mice as model objects. We used a combined approach to 
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obtain the actual configuration of the mice’ cerebral vessels using MRI, then both steady and transient numeri-
cal analysis in the ANSYS CFX software and subsequent statistical analysis of geometric and hemodynamic 
characteristics using PLS-DA. The data supporting the conclusions of this article is included within the article 
in the Supplementary files.

Materials and methods
Object of study and experimental groups. All procedures were performed in accordance with the 
European Convention for the Protection of Vertebrate Animals used for Experimental and other Scientific Pur-
poses. The experimental protocol was approved by the Bioethical Committees at the Institute of Cytology and 
Genetics of the Siberian Branch of the Russian Academy of Sciences. All animal experiments described below 
were in compliance with the ARRIVE (Animal Research: Reporting in Vivo Experiments) guidelines.

In this study we use NOD.CB17  Prkdcscid mice (NOD SCID) from the Centre for Laboratory Animal Genetic 
Resources, Institute of Cytology and Genetics, Siberian Branch of the Russian Academy of Sciences (RFME-
FI62119X0023). This line of mice is chosen because of their increased sensitivity in the pharmacological model 
of diabetes mellitus (streptozotocin injection).

At the beginning of the experiment animals of SPF (Specific Pathogen Free) status were at the age of 8 weeks. 
The diabetes group was injected intraperitoneally with streptozotocin (Sigma, USA) dissolved in 0.01 M citrate 
buffer at pH 4.2. A total of 150 mg streptozotocin/kg body weight was administered to induce diabetes. The 
control group was injected with the same volume of the citrate buffer.

Four groups of animals were formed: 1c—7 males; 1d—5 males; 2c—10 males; 2d—9 males. Here: 1, 2—the 
duration of the experiment in months, c—control, d—diabetes.

Initially, the number of animals in group 1d was 7. However, one animal died during the experiment (which 
corresponds to the acceptable percentage of mortality in the pharmacological model of diabetes). Another one 
from this group was excluded from the analysis due to the substandard quality of the MRA data.

To confirm the presence of type 1 diabetes in all animals used in the experiment a multiple measurement of 
blood glucose level (mmol/l) was carried out by electrochemical  method18 using Diacont® glucometer (Diacont 
Ltd., Moscow, Russia) and individual test strips of the same company compatible with the glucometer. Measure-
ments were carried out in animals before the experiment, 7 days after the introduction of streptozotocin and at 
the end of the experiment. Blood sampling was made from the tip of the animal’s tail 4 h after removal of feed, 
so the blood was mixed type, taken on an empty stomach.

MRA and cerebral vasculature reconstruction. MRA data were obtained on an ultrahigh-field tomo-
graph with a magnetic field strength of 11.7 T (BioSpec 117/16USR, Bruker) with a volume RF coil for head 
of mouse MRA data. Images and the blood flow velocity in blood vessels of the mouse were recorded with a 
transmitter and receiver volume (T11232V3) 1H radiofrequency coil. The vessel’s architectonics was determined 
using 3D-TOF (Time of Flow)  method19 with pulse sequence parameters Echo Time (TE) = 3.2 ms, and Repeti-
tion Time (TR) = 15 ms (three-dimensional image of the vessels with a field of view 2 cm × 2 cm × 2 cm and a 
matrix size of 256 × 256 × 128). The blood flow rate was determined in single slice (the common carotid arter-
ies) using 2D phase-contrast magnetic resonance imaging method with pulse sequence parameters TE = 6 ms, 
TR = 20 ms (1- mm thick slice with a field of view of 2  cm × 2 cm and a matrix size of 256 × 256). The data 
obtained have a voxel size of 78 × 78 × 156 microns.

The small size of the mice cerebral vessels required an increase in image resolution. To do this, MRA data 
were interpolated to the matrix 512 * 512 * 256 in the Seg3D  program20 using the Cubic (Catmull-Rom) inter-
polation method. This allowed us to obtain data of sufficient quality for CFD simulation without excessive use 
of interpolation.

Non-fragmented three-dimensional models of vascular networks of all animals have been constructed using 
the software ITK-Snap for  segmentation21. After segmentation, the images of the vessels were cleaned from noise, 
the cerebral arterial network was recognized, and the models smoothing was performed. Figure 1 shows the steps 
of reconstructing the vascular network geometry for one of the animals. The process of geometry construction 
was described in more detail  in22.

Angioarchitectonics study and CFD simulation. At the obtained configurations of all mice, vascular 
networks geometrical parameters were measured. Namely, the angles α

[

degree
]

 between the vessels of the circle 
of Willis, orthogonal cross-sections areas of vessels S

[

mm2
]

   in the selected position are shown in Fig. 2.
Software ANSYS CFX is used for numerical analysis of hemodynamics. Blood flow CFD calculations in the 

circle of Willis and adjoining arteries were carried out based on the obtained vascular geometry by MRA velocity 
data in the common carotid arteries. Verification of the reliability of the simulation by comparing high-quality 
experimental MRA data with the results of CFD modeling was carried out in our early  works23,24.

In hemodynamic modeling, it is widely used both with and without flow  pulsations25,26. In our case, the 
Womersley’s number is quite large and on the order of tens. Therefore, it is impossible to say in advance whether 
unsteady effects can be ignored. In this regard, we carry out both stationary and non-stationary CFD modeling.

The incompressible viscous liquid model is used for numerical modeling. Walls of blood vessels are considered 
to be the rigid and no-slip condition is used. Flow considered being laminar. Thus, the mathematical model of 
blood flow has the form:

{

div�v = 0,
∂�v
∂t = −(�v · ∇)�v − 1

ρ
∇p+ ν��v
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Here ν—coefficient of kinematic viscosity, ρ = const—liquid density, �v—fluid velocity vector and p—pressure. 
The first equation expresses mass conservation law; the second equation is the law of conservation of impulse 
momentum in vector form.

For steady calculation at the inlets of vertebral arteries and common carotid arteries we set individual values 
of the average blood flow velocity obtained during the MRA measurements. These velocities are shown in the 
Supplementary (Table 5). At the outlets, we set a volumetric flow rate proportional to its cross-section area. Such 
outlet conditions make it possible to take into account the velocity profiles formed in the vessels near the outlet. 
For most outlets there is no need for long output sections of the vessels. For outlets 7 and 8, due to their proxim-
ity to vascular bifurcation, additional output Sects. 1 mm long were added. The correctness of this approach was 
validated by stationary calculations without lengthening the outputs.

For transient calculation at the inlets we used the same average velocity. The varying-time velocity pattern 
was used based on data  from27. The outlets volumetric flow rates are proportional cross sectional areas and inlet 
velocity value in each timepoint. Lengthened outlets 7 and 8 are used. The transient calculation time = 0.137 s, 
which corresponds to one cardiac cycle, time step = 0.005 s.

Velocity and pressure values were obtained as a result of numerical calculations in the vasculature. In the 
transient case, their average values for the cardiac cycle are used. An example of pressure and velocity distribu-
tion within the circulatory system is shown in Fig. 3.

These CFD modeling results were used to obtain the following blood flow parameters:
Mass flow Qi  [mg · s−1] though one of the sectional planes �i in the Fig. 2 by definition is

Maximum blood flow velocity �vmax
i  [cm · s−1]   through the section �i

∫∫

�i

ρ(�v · �n)dS = Qi ,

Figure 1.  Reconstruction stages of the vascular network geometry for one of the animals: (a) MRI data, (b) 
vector image.
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Hydraulic resistance Rij [mmHg · s · g−1] in the vascular network between sections �i and �j

Here  Si—vessel cross-section area of section �i , �v—blood flow vector, �n—normal unit vector to the cross-
section plane, ρ—blood density, Pi – average total blood pressure in the vessel section, �Pij—pressure drop 
between sections.

Blood flow velocity characteristics, angioarchitectonics, and CFD simulation were carried out in accordance 
with the requirements of the blind study.

Statistical data processing. As parameters for further statistical analysis were chosen: the angles between 
the vessels of the circle of Willis α , cross-sections areas of vessels Si , mass flow Qi , maximum blood flow rate �vmax

i  , 
the hydraulic resistance of the vascular network between sections Rij .

To establish the normal sample distribution of the estimated parameters, we used the Kolmogorov–Smirnov 
criterion. Further, the data are shown as mean ± SE. Comparison between groups was also made using paramet-
ric statistics methods—Student’s t-test (p-value less than or equal to 0.05 is considered statistically significant).

The number of initial variables was reduced with partial least-squares discriminant analysis (PLS-DA), which 
is widely used in biological and medical research because it allows maximization of the separation between 
groups of  observation28. The PLS-DA builds a linear regression model by projecting the variables to a new space, 
with Y as a categorical  variable29. Additionally, PLS-DA model was tested using a stepwise variable elimination 
procedure. Then two-way ANOVA (on pathology and disease duration) was performed, with Y values as the 
dependent variable, in order to assess the distribution of experimental groups in the space of Y axes.

max
�i

�v = �vmax
i ,

�Pij

Qi
= Rij

Figure 2.  Anatomy of the mice circle of Willis (CoW). (a): The arteries are common carotid artery (CCA), 
vertebral artery (VA), basilar artery (BA), anterior cerebral artery (ACA), posterior cerebral artery (PCA), 
middle cerebral artery (MCA), posterior communicating artery (PcoA) and anterior communicating artery 
(AcoA). – L denotes left side, and − R—right side. 1 is the angle between ACA L and  MCAL, 2 is the angle 
between ACA R and  MCAR, 3—the angle between ACA L and  PcoAL, 4—the angle between ACA R and  PcoAR, 
5—the angle between  ICAL and  PcoAL, 6—the angle between  ICAR and  PcoAR, 7—the angle between  PCAL and 
 PCAR. (b): The cross-sectional planes.
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Results
Data on glucose levels for all animal groups are given in Supplementary (Table 1).

Regarding the MRA data, in group 1d the blood flow rate in both the right and left common carotid arter-
ies is significantly lower than in group 1c. In addition, there is no significant asymmetry of blood flow in both 
groups. There are no differences in the blood flow rate in the left common carotid artery in animals of group 2d 
compared to group 2c, but there is a significant decrease in blood flow in the right common carotid artery. At 
the same time, a significant asymmetry of blood flow is observed only in group 2d. Data about all four groups 
are shown in Supplementary (Table 2).

Generally the analysis showed the absence of the T1Dm effect for 1 month on the geometric and hemody-
namical characteristics of the investigated vessels, except for one of the 73 parameters: in steady calculation (the 
maximum velocity in cross Sect. 22—group 1c: 12.67 ± 1.471; group 1d: 8.33 ± 0.766; p = 0.04) and in transient 
calculation (the maximum velocity in cross Sect. 22—group 1c: 12.06 ± 1.326; group 1d: 8.13 ± 0.666; p = 0.04), 
see Supplementary (Tables 3 and 4).

At the same time animals group 2d have significant differences in the geometric characteristics in comparison 
with the group 2c. Significant changes in cross-sectional areas in the cervical segment C1 were found: Sect. 3 
area of left internal carotid artery (group 2c: 0.12 ± 0.009; group 2d: 0.09 ± 0.005; p = 0.03) and Sect. 6 area of 
right internal carotid artery (group 2c: 0.10 ± 0.008; group 2d: 0.07 ± 0.004; p = 0.01). Also difference in the base 
of the Sect. 1 area basilar artery (group 2c: 0.06 ± 0.006; group 2d: 0.10 ± 0.016; p = 0.01) was detected. Also, 
significant difference was found in the angle between right ACA and MCA (group 2c: 67.60 ± 2.663; group 2d: 
60.22 ± 2.783; p = 0.04).

In steady calculation a significant difference in hemodynamics between groups 2c and 2d is observed in: 
hydraulic resistance between planes 5 and 6 (group 2c: 57.18 ± 4.679; group 2d: 97.64 ± 15.565; p = 0.02); the 
maximum velocity in cross Sect. 1 (group 2c: 15.22 ± 0.919; group 2d: 9.98 ± 1.091; p = 0.02), Sect. 15 (group 2c: 

Figure 3.  CFD simulation results for one of animals: (a) Pressure distribution on the wall of the circulatory 
system, (b) Stream lines of the velocity vector, (c) Velocity field on cross-sectional planes: №2, №12, №13.
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25.96 ± 5.461; group 2d: 9.49 ± 1.406; p = 0.01). Also there were several of parameters closely approaches the brink 
of significance: mass flow rate between Sect. 15 and 16 (group 2c: 4.70 ± 0.001; group 2d: 2.60 ± 0.001; p = 0.07); 
the maximum velocity in cross Sect. 13 (group 2c: 9.45 ± 1.230; group 2d: 17.89 ± 4.230; p = 0.06), Sect. 16 (group 
2c: 15.55 ± 2.790; group 2d: 9.05 ± 1.854; p = 0.08).

Transient calculation shows corresponding results. Hydraulic resistance between planes 5 and 6 (group 2c: 
60.95 ± 5.893; group 2d: 99.24 ± 14.945; p = 0.02); the maximum velocity in cross Sect. 1 (group 2c: 14.22 ± 0.649; 
group 2d: 9.59 ± 1.038; p = 0.02), Sect. 15 (group 2c: 24.77 ± 4.851; group 2d: 9.02 ± 1.396; p = 0.01). Also there 
were several of parameters are closely approaches the brink of significance: mass flow rate between Sect. 15 and 
16 (group 2c: 4.52 ± 0.001; group 2d: 2.45 ± 0.0004; p = 0.052); the maximum velocity in cross Sect. 13 (group 2c: 
9.04 ± 1.129; group 2d: 16.79 ± 3.880; p = 0.06), Sect. 16 (group 2c: 15.01 ± 2.456; group 2d: 8.84 ± 1.782; p = 0.06). 
Comprehensive data set included in Supplementary (Tables 3 and 4).

Partial least square discriminant analysis (PLS-DA) was performed on the basis of the obtained vessel geom-
etry data and CFD simulation results. The similarity of the results of steady and transient calculations is reflected 
in the similar results of PLS-DA (Fig. 4). According to PLS-DA data no significant differences in the Y1 and Y2 
axes were found for the group 1c and 1d animals. Whereas animals group 2c and 2d are significantly different 
along the Y1 axis. When comparing animals 1c vs. 2c and 1d vs. 2d there are significant differences along the 
Y2 axis. Thus, the Y1 axis is associated with disease progression over time, and the Y2 axis is associated with 
animal age. These findings are supported by two- way analysis of variance (ANOVA). The steady case analysis 
showed that both the duration of the experiment  (F1,28 = 7.08, p = 0.01) and the disease  (F1,28 = 8.18, p = 0.01) have 
a significant influence on the Y1 axis. Only the duration of the experiment has a significant effect on the Y2 axis 
 (F1,28 = 18.85, p < 0.01). The transient case analysis showed that both the duration of the experiment  (F1,28 = 7.55, 
p = 0.01) and the disease  (F1,28 = 8.32, p = 0.01) have a significant influence on the Y1 axis. Only the duration of 
the experiment has a significant effect on the Y2 axis  (F1,28 = 22.01, p < 0.01).

Discussion
In a study on a model object—the NODSCID mice, we used two combined approach using MRA together with 
CFD steady or transient blood flow modeling. We identified the influence of type 1 diabetes on the architectonics 
and hemodynamics of the major blood vessels of the brain as the disease progresses. It was confirmed statistically, 
in particular by PLS-DA analysis. Steady and transient modeling showed similar results.

The geometry changing of large vessels is possible in a number of  pathologies30,31. At the same time, if these 
pathologies are not sudden in nature, for example, a stroke or trauma, then such changes are formed  gradually32. 
Diabetes mellitus as a chronic disease has a long-term effect on blood vessels with the first time microvascular 
and then macrovascular  changes33.

The vascular network structure of the brain has the ability of significant flow  compensation34. An important 
role in the implementation of such compensation is assigned to the circle of Willis. Its configuration, although 
conservative, is still capable of significant  variations35. No less important factor for the compensation can be a 
change in the lumen of blood vessels. According to the results of angiography, we did not observe acute occlu-
sion in animals which could lead to a brain infarction. But we detected a decrease in the lumen of the internal 
carotid arteries only in animals with disease duration of 2 months. The reason that led to decrease in the lumen 
of vessels was not examined in this work. Perhaps one of the reasons that led to a decrease in the lumen of ves-
sels could be atherosclerotic vascular changes caused by prolonged  hyperlipidemia36,37. Metabolic disorder can 
also lead to the development of  hypertension38. According to the European Society of Cardiology-EASC and the 
European Association for the Study of diabetes-EASD in Europe, the frequency of detection of arterial hyper-
tension in type 1 diabetes mellitus is 10–30%, and in type 2 diabetes mellitus, this frequency reaches 70–80%. 
Since hypertension can affect blood flow characteristics, we set special boundary conditions when performing 

Figure 4.  PLS-DA results: (a) steady calculation, (b) transient calculation. Groups of animals: 1, 2—the 
duration of the experiment in months, (c)—control, (d)—diabetes. Values are presented as mean ± SE.
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CFD calculations: the values of fluxes obtained from high-field MRA data individually for each animal were set 
as boundary conditions. We detected a decrease in blood flow velocity in the internal carotid arteries both for 
animals with diabetes duration 1 and 2 months, but only in animals with a duration of 2 months, this led to a 
significant change in hemodynamic characteristics. Apparently, such changes were the result of a combination of 
a decrease in blood flow velocity and a narrowing of the vessel lumen, which was observed only in animals with 
diabetes duration of 2 months. Since the change in blood vessels occurs gradually, the duration of diabetes for 
2 months is sufficient for the influence of factors such as the loss of endothelial nitric oxide, endothelial dysfunc-
tion, oxidative stress and abnormal release of endothelial vasoconstrictors to become significant.

The decrease in the blood flow rate in animals with diabetes can be explained by changes in the volume char-
acteristics of the left ventricular ejection fraction of the heart. Systolic heart failure is a common comorbidity in 
diabetes mellitus while the pathogenesis, in this case, may be due to myocardial nutritional  disorders39. Systolic 
heart failure with high glucose and no treatment can occur in a short  time40. Another result is a lower blood 
flow velocity tendency in the right internal carotid artery compared with the left one, regardless of the animal’s 
group. This result is a physiological norm caused by anatomical features of the blood supply to the common 
carotid arteries from the aortic arch  basin41. Note that, only in one (a diabetes duration of 2 months) of the four 
groups the differences in blood flow velocity between the internal carotid arteries were statistically significant. 
In this group, the blood flow rate in the right internal carotid artery was significantly lower than in the left one. 
Some diseases at a certain stage of development can lead to the formation of temporary or stable fluctuating 
 asymmetry42. The asymmetry of a wide range of organism’s characteristics may indicate  disorders43. What has 
been demonstrated recently, including in relation to the disease of diabetes  mellitus44,45 and diabetes-related vas-
cular  disorders46. In a recent paper, an approach to analyzing the fluctuating asymmetry of fingerprints was used 
as an element of a prognostic tool for detecting diabetes mellitus type 1 and  247. This can be based on epigenetic 
changes on the platform of emerging genetic noise when asymmetric gene expression occurs in the left and right 
parts of the body. Thus, we can assume that the genetic manifestation of asymmetric changes in hemodynamics 
is observed only in a group of animals with duration of diabetes of 2 months. This is manifested in an increase 
in hydraulic resistance between Sects. 5 and 6, a decrease in the maximum velocity of blood flow in Sect. 15, as 
well as several of parameters are closely approaches the brink of significance (See Fig. 2). It is worth noting that 
all these changes are located on the right side and belong to the posterior portion of the circle of Willis. In the 
study of Raghavendra and co-authors48 carried out on the posthumous material of people it is noted that against 
the background of the large variability of the circle of Willis organization, the posterior communicating artery is 
the most variable. Unfortunately, there is no information about what diseases people had during their lifetime, 
and the study was carried out on one ethnic group, although researchers point to similarities with data obtained 
by other  researchers49,50. An interesting fact is that according to our data, no hemodynamic changes have been 
detected on the downstream right side while there was a change in the angle between the ACA and MCA. Is it 
related to the fact that the normalization of hemodynamics occurs on the same segment where the divergence 
angle of the middle cerebral artery changes? In a number of papers, it is noted that with an increase in blood 
pressure on the vessel walls, it is possible to change it geometry as a result of the change of the expression level 
of the genes responsible for the endothelium growth factor, cell proliferation change and  migration51,52. In our 
case, it is possible that this change in angle has a compensatory nature since a change in the divergence angle 
has a significant effect on the hydraulic  resistance53.

The work does not concern a number of important issues, the consideration of which would be interest-
ing and which can be considered in future studies. Our research was focused on modeling the situation when 
endogenous insulin ceases to be produced at a young age and insulin therapy is not provided for a long time or 
is insufficient, which occurs, for example, in patients if the disease was not detected in time. This study did not 
concern the change in angioarchitectonics in type 1 diabetes on the background of insulin therapy that requires 
another one. We also do not consider the issue of type 2 diabetes mellitus, and, although it is also accompanied 
by hyperglycemia, nevertheless arises in an older age, has another pathogenesis and therefore requires another 
study. Our model is implemented in young animals, and therefore not quite correct to study vascular changes 
in type 2 diabetes mellitus.

Conclusion
Thus, in our work, it is demonstrated that more strongly statistically significant differences in angioarchitecton-
ics and hemodynamics are observed in animals with diabetes duration of 2 months, than in 1 month one. This 
was valid for both steady and transient simulations. The result shows the negative effect of diabetes on cerebral 
circulation as well as practicability of CFD modeling. This may be of extensive interest, for example, for phar-
macological and preclinical studies. To sum up, with an increase in the duration of the disease, type 1 diabetes 
begins to influence the angioarchitectonics and hemodynamics of the large cerebral vessels of mice.

Received: 17 September 2020; Accepted: 2 February 2021

References
 1. Wang, Z., Xie, Z., Lu, Q., Chang, C. & Zhou, Z. Beyond genetics: what causes type 1 diabetes. Clin. Rev. Allerg. Immunol. 52(2), 

273–584 (2016).
 2. The Diabetes Control and Complications Trial Research Group. The effect of intensive treatment of diabetes on the development 

and progression of long-term complications in insulin-dependent diabetes mellitus. N. Engl. J. Med. 329, 977–986 (1993).
 3. Xu, R. S. Pathogenesis of diabetic cerebral vascular disease complication. World J. Diabetes. 6(1), 54–66 (2015).
 4. Dichtl, W. et al. Very low-density lipoprotein activates nuclear factor-κB in endothelial cells. Circ. Res. 84, 1085–1094 (1999).



8

Vol:.(1234567890)

Scientific Reports |         (2021) 11:3969  | https://doi.org/10.1038/s41598-021-83484-7

www.nature.com/scientificreports/

 5. Du, X. et al. Insulin resistance reduces arterial prostacyclin synthase and eNOS activities by increasing endothelial fatty acid 
oxidation. J. Clin. Invest. 116(4), 1071–1080 (2006).

 6. Li, Q. et al. Deficient eNOS phosphorylation is a mechanism for diabetic vascular dysfunction contributing to increased stroke 
size. Stroke 44, 3183–3188 (2013).

 7. Li, Y., Woo, V. & Bose, R. Platelet hyperactivity and abnormal Ca(2+) homeostasis in diabetes mellitus. Am. J. Physiol. Heart. Circ. 
Physiol. 280(4), H1480–H1489 (2001).

 8. Aljada, A. Endothelium, inflammation, and diabetes. Metab. Syndr. Relat. Disord. 1, 3–21 (2003).
 9. van den Oever, I. A. M., Raterman, H. G., Nurmohamed, M. T. & Simsek, S. Endothelial dysfunction, inflammation, and apoptosis 

in diabetes mellitus. Med. Inflam. 2010, 1–15 (2010).
 10. Tesfamariam, B., Brown, M. L., Deykin, D. & Cohen, R. A. Elevated glucose promotes generation of endothelium-derived vaso-

constrictor prostanoids in rabbit aorta. J. Clin. Invest. 85, 929–932 (1990).
 11. Hattori, Y. High-glucose-induced nuclear factor κB activation in vascular smooth muscle cells. Cardiovasc. Res. 46, 188–197 (2000).
 12. Inoguchi, T. et al. High glucose level and free fatty acid stimulate reactive oxygen species production through protein kinase 

C-dependent activation of NAD(P)H oxidase in cultured vascular cells. Diabetes 49, 1939–1945 (2000).
 13. Domingueti, C. P. et al. Diabetes mellitus: The linkage between oxidative stress, inflammation, hypercoagulability and vascular 

complications. J. Diabet. Compl. 30, 738–745 (2016).
 14. Netter, F. H. Atlas of Human Anatomy 3rd edn, 133 (Icon Learning Systems, New Jersey, 2003).
 15. Peach, T. W., Ngoepe, M., Spranger, K., Zajarias-Fainsod, D. & Ventikos, Y. Personalizing flow-diverter intervention for cerebral 

aneurysms: from computational hemodynamics to biochemical modeling. Int. J. Numer. Meth. Biomed. Eng. 30, 1387–1407 (2014).
 16. Machi, P. et al. Hemodynamics of focal versus global growth of small cerebral aneurysms. Clin. Neuroradiol. 29, 285–293 (2017).
 17. Bahrami, S. & Norouzi, M. A numerical study on hemodynamics in the left coronary bifurcation with normal and hypertension 

conditions. Biomech. Model Mechanobiol. 17, 1785–1796 (2018).
 18. Togashi, Y. et al. Evaluation of the appropriateness of using glucometers for measuring the blood glucose levels in mice. Sci. Rep. 

6, 1–9 (2016).
 19. Pastor, G. et al. A general protocol of ultra-high resolution MR angiography to image the cerebro-vasculature in 6 different rats 

strains at high field. J. Neurosci. Methods 289, 75–84 (2017).
 20. CIBC. Seg3D: Volumetric Image Segmentation and Visualization. Scientific Computing and Imaging Institute (SCI) (2016). http://

www.seg3d .org.
 21. Yushkevich, P. A. et al. User-guided 3D active contour segmentation of anatomical structures: significantly improved efficiency 

and reliability. NeuroImage 31, 1116–1128 (2006).
 22. Maltseva, S. V. et al. Reconstruction of complex vasculature by varying the slope of the scan plane in high-field magnetic resonance 

imaging. Appl. Magn. Reson. 47, 23–39 (2015).
 23. Boiko, A.V. et al. Time-resolved Volumetric MRI Velocimetry of Periodic Flow in a Carotid Bifurcation (the model study). Magn. 

Reson. Mater. Phys., Biol. Med. (MAGMA). 28(S1), s384-s385 (2015).
 24. Boiko, A. V. et al. Measurement of viscous flow velocity and flow visualization using two magnetic resonance imagers. J. Appl. 

Mech. Tech. Phys. 58, 209–213 (2017).
 25. Geers, A. J., Larrabide, I., Morales, H. G. & Frangi, A. F. Approximating hemodynamics of cerebral aneurysms with steady flow 

simulations. J. Biomech. 47, 178–185 (2014).
 26. Otani, T. et al. Computational study for the effects of coil configuration on blood flow characteristics in coil-embolized cerebral 

aneurysm. Med. Biol. Eng. Comput. 55, 697–710 (2016).
 27. Aslanidou, L. A 1D model of the arterial circulation in mice. ALTEX 13–28 (2016). https ://doi.org/10.14573 /altex .15070 71.
 28. Gromski, P. S. et al. A tutorial review: Metabolomics and partial least squares-discriminant analysis–a marriage of convenience 

or a shotgun wedding. Anal. Chim. Acta 879, 10–23 (2015).
 29. Brereton, R. G. & Lloyd, G. R. Partial least squares discriminant analysis: taking the magic away. J. Chemometr. 28, 213–225 (2014).
 30. Seryapina, A. A., Shevelev, O. B., Moshkin, M. P., Markel, A. L. & Akulov, A. E. Stress-sensitive arterial hypertension, haemody-

namic changes and brain metabolites in hypertensive ISIAH rats: MRI investigation. Exp. Physiol. 102, 523–532 (2017).
 31. Bennett, R. E. et al. Tau induces blood vessel abnormalities and angiogenesis-related gene expression in P301L transgenic mice 

and human Alzheimer’s disease. Proc. Natl. Acad. Sci. USA 115, E1289–E1298 (2018).
 32. Li, Y. et al. Aging-associated changes in cerebral vasculature and blood flow as determined by quantitative optical coherence 

tomography angiography. Neurobiol. Aging 70, 148–159 (2018).
 33. Krentz, A. J., Clough, G. & Byrne, C. D. Interactions between microvascular and macrovascular disease in diabetes: pathophysiol-

ogy and therapeutic implications. Diabetes Obes. Metab. 9, 781–791 (2007).
 34. Kennedy McConnell, F. & Payne, S. The dual role of cerebral autoregulation and collateral flow in the circle of willis after major 

vessel occlusion. IEEE Trans. Biomed. Eng. 64, 1793–1802 (2017).
 35. Iqbal, S. A comprehensive study of the anatomical variations of the circle of willis in adult human brains. JCDR https ://doi.

org/10.7860/jcdr/2013/6580.3563 (2013).
 36. Moghadasian, M. H., Frohlich, J. J. & McManus, B. M. Advances in experimental dyslipidemia and atherosclerosis. Lab. Invest. 81, 

1173–1183 (2001).
 37. Kerenyi, L., Mihalka, L., Csiba, L., Bacso, H. & Bereczki, D. Role of hyperlipidemia in atherosclerotic plaque formation in the 

internal carotid artery. J. Clin. Ultrasound 34, 283–288 (2006).
 38. Zhu, Z., Wang, P. & Ma, S. Metabolic hypertension: concept and practice. Front. Med. 7, 201–206 (2013).
 39. Bell, D. S. H. Diabetic cardiomyopathy. Diabetes Care 26, 2949–2951 (2003).
 40. Zhou, Y. et al. Type I diabetic akita mouse model is characterized by abnormal cardiac deformation during early stages of diabetic 

cardiomyopathy with speckle-tracking based strain imaging. Cell Physiol. Biochem. 45, 1541–1550 (2018).
 41. Braig, M. et al. Preclinical 4D-flow magnetic resonance phase contrast imaging of the murine aortic arch. PLoS ONE 12, e0187596 

(2017).
 42. Thornhill, R. & Møller, A. P. Developmental stability, disease and medicine. Biol. Rev. 72, 497–548 (1997).
 43. Nuysink, J., van Haastert, I. C., Takken, T. & Helders, P. J. M. Symptomatic asymmetry in the first six months of life: differential 

diagnosis. Eur. J. Pediatr. 167, 613–619 (2008).
 44. Duker, J. S., Brown, G. C., Bosley, T. M., Colt, C. A. & Reber, R. Asymmetric proliferative diabetic retinopathy and carotid artery 

disease. Ophthalmology 97, 869–874 (1990).
 45. Rakate, N. S. & Zambare, B. R. Fingertip patterns: a diagnostic tool to predict diabetes mellitus. Natl. J. Med. Dent. Res. 2, 49–53 

(2014).
 46. Malak, I. & El-Shazly, M. D. Asymmetric diabetic retinopathy and carotid insufficiency: a correlative study. Med. J. Cairo Univ. 87, 

1331–1335 (2019).
 47. Morris, M. R., Ludwar, BCh., Swingle, E., Mamo, M. N. & Shubrook, J. H. A new method to assess asymmetry in fingerprints could 

be used as an early indicator of type 2 diabetes mellitus. J. Diabetes Sci. Technol. 10, 864–871 (2016).
 48. Raghavendra, Shirol, V., Dixit, D., Reddy, Y. A. K. & Desai, S. Circle of willis and its variations; morphometric study in adult human 

cadavers. Int. J. Med. Res. Health Sci. 3, 394 (2014).
 49. Alpers, B. J. Anatomical studies of the circle of Willis in normal brain. Arch. NeurPsych 81, 409 (1959).
 50. Kamath, S. Observations on the length and diameter of vessel forming the circle of Willis. J. Anat. 133(3), 419–423 (1981).

http://www.seg3d.org
http://www.seg3d.org
https://doi.org/10.14573/altex.1507071
https://doi.org/10.7860/jcdr/2013/6580.3563
https://doi.org/10.7860/jcdr/2013/6580.3563


9

Vol.:(0123456789)

Scientific Reports |         (2021) 11:3969  | https://doi.org/10.1038/s41598-021-83484-7

www.nature.com/scientificreports/

 51. Shantikumar, S., Caporali, A. & Emanueli, C. Role of microRNAs in diabetes and its cardiovascular complications. Cardiovasc. 
Res. 93, 583–593 (2011).

 52. Zampetaki, A. & Mayr, M. MicroRNAs in vascular and metabolic disease. Circ. Res. 110, 508–522 (2012).
 53. Idelchik IE. Handbook of Hydraulic Resistance, 3th ed. (New York, Hemisphere, 1986).

Author contributions
G.Y.: transformation of MRA data from internal representation to a form available for further work, MRA data 
processing, performed the numerical simulations for the suggested experiment, acquired data analysis, wrote the 
manuscript and designed the figures. D.T.: implementation of the pharmacological model of diabetes mellitus. 
D.P.: transformation of MRA data from internal representation to a form available for further work. A.C.: MRA 
data processing, advised the numerical simulations for the suggested experiment, acquired data analysis, wrote 
the manuscript. A.A.: MRA study, acquired data analysis, wrote the manuscript. All authors qualify for author-
ship on the paper, are listed on the paper and approved the final version of the manuscript.

Funding
The research was supported by the Russian Foundation for Basic Research (project No. 19–315-90008—diabetes 
modeling and MRA studies) and Russian Science Foundation (project No. 20–71-10034—mathematical and 
CFD modeling).

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https ://doi.
org/10.1038/s4159 8-021-83484 -7.

Correspondence and requests for materials should be addressed to G.Y.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2021

https://doi.org/10.1038/s41598-021-83484-7
https://doi.org/10.1038/s41598-021-83484-7
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Cerebral arterial architectonics and CFD simulation in mice with type 1 diabetes mellitus of different duration
	Materials and methods
	Object of study and experimental groups. 
	MRA and cerebral vasculature reconstruction. 
	Angioarchitectonics study and CFD simulation. 
	Statistical data processing. 

	Results
	Discussion
	Conclusion
	References


