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Preface

Hemodynamics is an essential link between cardiovascular anatomy and cardiovascular
physiology. Clear understanding of the physical factors that govern blood movement in the
cardiovascular system is a necessary prerequisite for clinical medicine. Yet, the complexity
and the unique character of the human body and the changes that occur during various
pathological states make this task extremely difficult.

Thus, it is not a surprise that almost six centuries after Leonardo da Vinci’s first hemody-
namic observations, the interest and research about hemodynamics are continuing to grow.

We have moved from simple macroscopic observations to computational modeling, func-
tional hemodynamic monitoring and the relation of hemodynamics and hemorheology.
Current research of pathophysiological changes at both the microscopic and macroscopic
levels “unlocks” new knowledge every day.

Within this frame, the current book published by InTechOpen® focuses on hemodynamic
issues of special interest. The authors offer the readers not only a “vigorous” review of the
current literature but also a research direction full of promises for further advancement.

Dr. Theodoros Aslanidis

Intensive Care Unit

St. Paul General Hospital of Thessaloniki
Greece
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Chapter 1

Introductory Chapter: Hemodynamic Management.
The Problem of Monitoring Choice

Theodoros Aslanidis

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.79931

1. Introduction

Technology progress has given us the opportunity to monitor almost every aspect of the cardio-
vascular system down to the level of tissue microcirculation. However, the choice of the right
tool is often a challenge, depending both on institutional capabilities (availability of the device)
and on operator training. The present chapter consists a short literature review about the subject.

It is more than three centuries that Reverend Stephen Hales have made the first invasive
measurement of blood pressure and cardiac output [1]. During that time, there has been a
tremendous progress both in hemodynamics physiology and pathophysiology understanding
and in modes of cardiovascular monitoring. Today, it is considered basic and essential knowl-
edge for every physician. The paradox: the more we know about cardiovascular circulation,
the more we understand our ignorance. The present chapter focuses on some of the problems
encountered during hemodynamic monitoring.

2. Describing the challenges

Current technology provides us with a vast range of tools for hemodynamic evaluation. Yet,
whether it uses an invasive technique or not, performs one or more calculations provides with
discrete or continuous data, seem to have minor importance. As any tool, we need to know its
limitations and choose carefully. Vincent et al. [2] attempted to suggest the key principles of
hemodynamic monitoring. The most important of them:

1. No hemodynamic monitoring technique can improve outcome by itself.

2.  Monitoring requirements may very over time. Moreover, the highly depend on the avail-
ability of the devices and the training of the operators.

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIEN
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There are no optimal hemodynamic parameters for every patient.
We need to combine and integrate variables.
Continuous measurements are preferable.

Non-invasiveness is not the only issue.

N o e »

Cardiac output is estimated not measured.

Chan and Khan [3] reviewed the problem from a more physiological point of view. They
claimed that since there is no hemodynamic monitoring that can provide us data for the
“whole” cardiovascular system and that the main role of the latter is oxygen delivery, we need
to choose our monitoring according to the target part of the cardiovascular system and to aim
at correlation of the data with oxygen delivery. Thus, we might have a better connection
between monitoring and outcome.

Another issue brought up by Peter et al. [4, 5], is calibration. There are calibrated and non-
calibrated techniques for hemodynamic monitoring. Though calibrated (invasive in the major-
ity of them) methods seem to work better in unstable patients, careful interpretation of the
provided data is needed. On the other hand, as new technology is integrated in medical
devices, the future seems to belong to non-invasive techniques.

And what about continuity of data and of care? For example, pulmonary artery catheter (PAC),
which triggered a boom in hemodynamic monitoring, provides only static variables. A snapshot
of patient’s status, often not enough to determine the right therapeutic strategy. Along with that
if the same patient is admitted to Emergency Department with an A hemodynamic profile
derived from arterial pressure wave, transported to ward where he had a B profile measured
via suprasternal Doppler and ended in ICU where PAC and bio-impedance measurements are
available, do we take in mind the previous profiles (A and B) or not? One option is to reject
previous measurements, thus risking loosing valuable data. Another option is to just average
measurements. However, plans based on average assumptions, are on average wrong.

The latter is even more valid for the therapeutic strategy that we may choose. If a drug causes
on average an increase in cardiac output (CO), how do we know that our patient lies within
this average?

The previous problem is perplexed by the fact that different modes of monitoring may provide
us with different variables. CO may be a common parameter for various devices, yet extra lung
water index, oxygen extraction ration, wedge pulmonary pressure, peak velocity and Doppler
driven dp/dt may be harder to combine.

3. Solution

The aforementioned create a puzzle to solve each time a physician decides that hemodynamic
monitoring is needed.

Monitoring that combines conditions and advantages of each monitoring technique could be a
solution to the problem. Thus, for example CO based on partial CO, rebreathing is considered
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less reliable in cases of respiratory failure [2, 6], right ventricular failure or tricuspid regurgitation
may compromise PAC derived measurement of CO [7], Doppler flow studies focusing on the
descending thoracic aorta may not provide a reliable measurement of the total cardiac output
(for example, with epidural use), and are invalid in the presence of intra-aortic balloon pumping
[6]. CO measurements derived from peripheral arterial pressure waveform have shown luck of
accuracy in patients with intracerebral hemorrhage [8], functional hemodynamic parameters like
pulse pressure variation or stroke volume variation need regular sinus rhythm, etc.

As a consequence, several reports tried to suggest guidelines for hemodynamic monitoring in
specific conditions, like for example, circulatory shock [9], sepsis [10], or patients under tho-
racic anesthesia [11].

Personalized hemodynamic monitoring concept emerges as the best available option. This is a
very difficult task in most cases, as it assumes the existence of a dynamic close loop system
with constantly new hemodynamic targets — adjusted to specific patient within a given clinical
and time frame [12, 13].

Yet, even though we cannot form an individualized guideline, ongoing research, both clinical,
experimental (including computational modeling of cardiovascular system and simulation of
different pathological conditions) will help us create and clarify the exact theoretic concept
which will direct the management. Along with that, formation of clear institutional policy
about both the availability and the training of the personnel of each healthcare facility are
needed, in order to standardize and regulate the use of certain medical devices over others
(within the institution).
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Chapter 2

Functioning of the Cardiovascular System of Women in
Different Phases of the Ovarian-Menstrual Cycle

Olena Lutsenko

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.79633

Abstract

Seventy seven women with 17-19 years of age examined central hemodynamics and its
wave structure at rest, with orthopedic and psychoemotional load in different phases of
the ovarian cycle (OC). It was established that in the luteal phase of the OC in the lying
position, the blood pressure was higher than in other phases. In orthoprost in the luteal
phase, in comparison with other phases, the growth of cardiac rhythm wave strength
in the range of 0.04-0.15 Hz is observed, their concentration and connection with oscil-
lations of the shock volume of blood, and the leveling of differences in blood pressure
levels. The involvement of spontaneous baro-reflex sensitivity of the studied states and
reactions is discussed.

Keywords: central hemodynamics, variability of the cardiac rhythm, women,
ovarian-menstrual cycle

1. Introduction

The basis of modern human physiology is the systematic approach, the synthesis of the
theory of functional systems and the theory of adaptation, which allows us to obtain mean-
ingful information about the functional state of the organism during ontogenesis and use the
obtained data for practical actions [1-3].

Heart rate variability (HRV) is a fundamental physiological property of the human body,
which reflects the state of regulatory mechanisms of homeostasis, in particular, the tone of
the autonomic nervous system [4]. Therefore, the study of HRV has become important for
qualitative diagnosis, prediction, and prevention of various diseases [5, 6].

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgNN
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At the beginning of the twenty-first century, the attention of researchers is drawn to the study
of the variability of the duration of the interval R-R [7-10], blood pressure [11-13], shock
volume [14], respiratory arrhythmia [15-17], and the relationship of wave changes in various
hemodynamic parameters. This is due to the wide introduction of information technology to
the theory and practice of medicine and physiology, high diagnostic value of parameters of
regulatory rhythms of hemodynamics.

Of all the physiological systems of humans, the most important and little studied is repro-
ductive [18-22]. In particular, insufficient research on the chronostructure of physiological
systems in women suggests that the productivity and stability of body systems, in addition to
the annual seasonal changes in various physiological functions and the seasonal exacerbation
of some diseases, significantly affect the ovarian-menstrual cycle [23, 24].

An analysis of the above-mentioned developments of scientists and practitioners shows that
the preservation and strengthening of health significantly depends on the further study of
adaptive reactions of the female body, taking into account the ovarian-menstrual cycle, the
individual annual, and the seasonal period of physiological functions.

On the adaptive trophic role of the sympathetic department of the VNS, including the repro-
duction, one of the first pointed academician Orbeli [15]. However, to date, the question of the
state of the autonomic nervous system, including the activity of the cardiac rhythm, in women
during the menstrual cycle is inadequate. A series of review papers [25-27] provides data on
age and gender changes in some HRV indicators. However, these data relate, preferably, to
short (2-5 min.) Records of R-R intervals are performed on contingents of persons with dif-
ferent pathologies [28-30]. At the same time, the characteristics of the wave structure of the
vibrations of hemodynamic indices in healthy women in different physiological conditions
and loads in the process of ontogenesis are insufficiently analyzed.

It should be emphasized the existence of certain contradictions in the results of various studies
of the variability of the cardiac rhythm in women in different phases of the ovarian-menstrual
cycle and the treatment of their mechanisms.

There remains an inadequate study of the problem associated with the influence of the
ovarian-menstrual cycle on the indicators of central hemodynamics and cardiac rhythm vari-
ability under different physiological conditions. In particular, studies of changes in the oscil-
lations of the shock volume of blood, spontaneous baro-reflex sensitivity in women under
different stresses.

In Ketel et al. conducted in randomized tubes for 149 men and 137 middle-aged women,
revealed that HRV levels were inversely related to age and heart rate in both sexes. The level
of LF in men is significantly higher than in women and is negatively related to the level of
triglycerides, insulin. The power of the R-R interval for women is higher than that of men.

The widespread introduction of the ECG holter monitoring method into clinical practice
allowed the evaluation of HRV in the course of the day and at certain intervals, and also used
this method for studying the state of autonomic regulation of the heart rate. Extreme values
of total spectrum power and power in the very low and low frequency range under holter
monitoring of women in comparison with men were also recorded in Fluckiger et al. [31].
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In this case, the power in the ranges of low and high frequencies was negatively correlated
with age. The total power of the spectrum was relatively reduced between 20-29 years and
60-69 years by 30%.

The same gender and age characteristics of the wave structure of the heart rate were also con-
firmed in measurements of 302 men and 312 women conducted by Bai et al., for 653 persons
performed by Aubert et al. [7], and on 276 persons conducted by Barrett et al. The gender
differences in HRV are measured at the sixth decade of the human life cycle. Changes in the
cardiac rhythm and its spectral components during orthopedic trial at this age did not have
sexual differences.

There are significant differences in the reactivity of fluctuations in the interval of R-R and the
peripheral pressure of men and women on physical, mental, and cold loads. So in the research
of Peshakova [32] shows that women under these conditions have a greater centralization of
the mechanisms of regulation of the cardiovascular system, and for men, an increase in the
activity of the sympathetic link of the autonomic nervous system.

Many researchers [33-36] point out that cardiovascular analysis is more appropriate to detect
minor fluctuations of the VNS activity during the menstrual cycle than the use of traditional
indicators such as heart rate and arterial pressure. However, the results of studies of changes
in the heart rate in different phases of the menstrual cycle are still controversial. It should
be noted that significant changes in HRV in women of reproductive age, both at rest and
during psychoemotional stresses, may be due to the phase of the ovarian cycle [37-42].
SDNN in young women was the highest during the follicular phase of the menstrual cycle
[43]. According to Koening and co-authors [44], in women during the luteal phase compared
with the follicular showed an increase in the activity of the sympathetic department of the
autonomic autonomy of the autonomy according to the HRV indices. However, a group of
researchers, Grossman et al. [45], insists on the absence of differences in the parameters of the
wave structure of blood pressure and heart rate when performing orthopedic and stimulating
carotid sinus in women in different phases of the ovarian cycle.

Japanese scientists [43] demonstrate a significant increase in sympathetic and decreased para-
sympathetic activity in the lutein phase compared to follicular, as evidenced by an increase
in the values of LF/HF and LF, as well as a decrease in HF in the luteal phase. The facts of the
increase in the level of LF/HF in the early and middle luteal phase are given in Holzen et al.
[46], with the late luteal phase showing a tendency to decrease the level of LF/HF. At the same
time, some researchers, Princi et al. [47] and Sato et al. [39] refute this assumption, indicating
that there is no significant change.

Although some researchers point to an increase in the level of HF in the follicular phase com-
pared with the luteal and menstrual phase, measurements were made only one [48-50] or
twice a week [51] during the cycle. Since hormonal and physiological changes during the
menstrual cycle are complex and complex, they can not be characterized by two measure-
ments, which indicate the need for long-term research.

In studies [52], in 10 completely healthy women, it was found that spontaneous baroreflectory
sensitivity increases during the luteal phase compared to the follicular phase. It was stated

11
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that there were certain differences in the logRSA fluctuations during the menstrual cycle,
which were related to the average NSC indexes.

According to Weisman, there are significant changes in both the wave structure of the cardiac
rhythm and its reactivity to the burden on women in the first 20 weeks of pregnancy. So,
normally in this period, the power of OT components increases, often the synchronization of
respiratory and baroreflector waves is observed. In pathological development of pregnancy,
there is an inversion of such regulatory relations.

The variability of the cardiac rhythm during the physiological course of pregnancy is reduced,
which indicates an increase in the activity of the sympathetic department of the autonomic
nervous system [21, 53]. In women with gestosis, HRV is more pronounced. Revealed by
scientists, the facts of changes in HRV with other hypertensive states in pregnant women,
as well as in normal and complicated childbirth are few and controversial. The emphasis is
placed on the prospect of further study of sympathetic activity in relation to changes in HRV
in pregnant and childbearing, as well as on the need for widespread introduction of cardioin-
tervalography in obstetrics.

The process of reproduction in humans regulates complex neuroendocrine mechanisms, so
the normal functioning of the reproductive system is possible only with the integrated control
of the nervous and humoral signals. One of the manifestations of complex changes in the
body of a woman is the menstrual cycle: cyclic changes in the hypothalamus, pituitary gland,
and ovaries; cyclic changes in the target organs (uterus, fallopian tubes, vagina, and mam-
mary glands); cyclic changes in the endocrine, nervous, and other systems of the organism.
The most pronounced changes occur in the ovaries (ripening of the follicles, ovulation, and
development of the yellow body) and the uterus (desquamation of the endometrium is actu-
ally menstruation, regeneration and proliferation of the functional layer, secretory changes in
it, and again desquamation). Due to these changes, the reproductive function of the woman
is carried out: ovulation, fertilization, implantation, and development of the embryo in the
uterus. If implantation does not occur, pregnancy does not occur, and the functional layer of
the endometrium is exfoliated, from the genital tract, there is a spotting (menstruation). The
appearance of menstrual discharge indicates the completion of cyclical changes in the body
and the absence of pregnancy. The main symptom of normal functioning of the reproductive
system of a woman is a normal menstrual cycle. This biorhythm is genetically determined in
a healthy woman, and it is stable throughout the generative age according to its parameters.

2. Methods

Seventy seven women aged 18-19 were tested under the conditioned close to the state of
basal metabolism in the prone position, at tilt test, and during the test of psychic-emotional
stress (Makarenko) [54]. As a mental load, we used a 10-minute test to determine the perfor-
mance of the brain in the feedback mode by the method of prof. M.V. Makarenko using the
Diagnostic-1 system. Each woman was tested three times: in follicular phase (I), ovulation (II),
and luteal phase (III) of ovarian-menstrual cycle. Cycle phases were determined according
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to anamnesis, taking basal body temperature, and using a set of inkjet ovulation tests “Solo”
(IND Diagnostic, Inc., Canada).

The main method for determining the phases of the CMC was the collection of anamnesis. Using
the test-microscope “Arbor” in the studied group of students examined the presence of ovulation
by the nature of the crystallization of saliva. The method is based on the fact that during ovula-
tion, when the concentration of estrogen in the blood of a woman becomes maximal, in saliva,
the concentration of salts increases, which is manifested in the maximum crystallization of saliva.
Thus, a graphic image on a glass under a microscope was called a “leaf of ferns” (Figure 1).

Confirmation of reliability of phase change of the cycle (selectively) was carried out by means
of ultrasound diagnostics, the apparatus, HDI 1500, as well as the set of jet tests SoloTM
(company “Pharmaco”, the registration certificate of the Ministry of Health of Ukraine NO
1856/2003 of 16.05.2008, the international certificate of quality ISO 9001/ISO 13485, and
Manufacturer of IND Canada) to determine the ovulation.

The confirmation of the MC phase was also carried out using the technique of basal body
temperature measurement Krupko-Bolshova (1986). During the ripening of the egg in the fol-
licular phase of the cycle, against the background of increased estrogen BBT is low (36-37°C),
after ovulation, in the lutein phase, begins the temperature increase (37.2-38°C), which is due
to the low estrogen levels in the background of increased progesterone in the blood of women.

BBT was measured every morning, at the same time, from 600 to 800 hours (depending on
the time of year), not getting out of bed for 5 minutes, mercury thermometer in the rectum at
a depth of about 5 cm. Rozultaty entered into the table: date, day of the cycle, BT, and special
circumstances.

The difference between the mean values of the second and first phase of the CTD can be
0.5-0.8°C, but it should not be less than 0.4-0.50°C. This is evidence of the normal course of
CMC. If during the whole cycle the temperature on the graph is kept, for example, on the
same level, or the graph looks like “tyna” (when the low temperature constantly changes
high), rather than biphasic, this is due to the fact that ovulation was not (Figure 2).

Figure 1. Photo of smear of saliva of student L. (during ovulation).

13
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Figure 2. In the middle of the chart changes in basal body temperature in a normal ovarian-menstrual cycle (dashed line)
and an anulatory (solid line).

3. Analytical methods

Systolic and diastolic AP (APs and APd, respectively) were measured with Korotkov auscul-
tation method by mercury tonometer (“Riester”, Germany). Mean arterial pressure (APm)
was calculated with Hickam formula; blood struck volume (BSV) with Kubichek formula
[55] by the signals of differentiated impedance rheogram by all the realizations (beat-to-beat)
during 5 minutes.

With the help of a rheographer and pneumograph, only cardiointervalograms and pnevmo-
grams were recorded. Cardiointervalograms were recorded using Caspico [56] in MS DOS
mode. For this, a cardiac sensor T31 (Polar Electro OU, Finland) was applied to the thoracic
cell, which formed 8 ms pulses at the top of the QRS complex. These impulses were tele-
metrically perceived by the pulse meter Al and, together with the pnevmogram signal, were
transmitted to a 5 kV galvanic switch comparator, which closed the contacts on the LPT port
of the computer. The program scanned the device with a frequency of 1000 times per sec-
ond. The power of R-R and BSV oscillations spectrum was calculated in standard frequency
ranges of very low frequencies of 0-0.04 Hz (VLF), low frequencies of 0.04-0.15 Hz (LF), high
frequencies of 0.15-0.4 Hz (HF), general oscillation power of 0-0.4 Hz (TP), and normalized
power in the range of 0.15-0.4 Hz (HFnorm). Besides, spectral and cross-spectral density and
the frequency of the highest amplitude oscillation peak of t-R-R and BSV in the LF range were
estimated in the prone position at rest for 5 minute records, at tilt test from the 2nd till the 5th
minute and in psycho-emotional test from the 3rd till 7th minute [10].
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The method of impedance reopeltysmography was used to calculate cardiac output [57], asso-
ciated with it indicators of relative blood flow to the body of the chest.

Signals of differentiated ECG and rheograms were fixed with the aid of a biopower RA-5-01
(Kyiv Research Institute of Radio-measuring Equipment). The spring electrodes of rheograms
were standardized [10]. The frequency of the reagent’s probe signal was 70 kHz.

The pnevmogram signal was obtained from a piezoelectric sensor placed directly in front of
the subject (nostrils of the nose).

All these signals were “digitized” through an analog-to-digital converter ADC-1280 (Holit
Data Systems, Kiev) with a sampling rate of 860 times per second. The digital signals were
stored on the hard disk of the computer for further processing. To analyze signals, identify
critical points on them, and export them to spreadsheets, Bioscan [10] was used.

4, Statistical methods

Due to the abnormality of the value distribution of oscillation power of haemodynamic indi-
cators, their medians, the limits of 25 and 75 percentile were found; the average values and
their errors for AP indicators distributed normally were determined. The reliability of differ-
ences between values in different OMC phases was estimated by means of Wilcoxon paired
comparison and Student’s t-test. The relationship between indicators was calculated by the
nonparametric Spearman correlation coefficient.

5. Results

It was established that in the state of rest in women significant differences between the indices of
central hemodynamics, which were analyzed depending on the phases of the CMC, were mostly
not observed. However, differences were available at the levels of ATs, ATSer, and ZPO. Changes
in these indices were observed in the III phase of the OC (p <0.05) in comparison with the I and
II phases (Table 1), which is consistent with the results of many authors’ studies.

With regulated breathing 6 times/min, we observe the natural increase of practically all indi-
cators in the III phase (p < 0.05) in comparison with the I and II phases, except for clinical
symptoms, heart rate, CI, and R-R.

When moving to a vertical position in all conditions, there is a natural decrease (p < 0.001) of
t-R-R, SI, SOC, and increase in LPA (Table 2).

Reactivity of blood pressure indicators depended on the OC phase. Thus, in the 1st and 2nd
phases, there was a probable increase in ATs, ATD, ATSer, and in III, changes were not statisti-
cally significant. This led to the fact that the differences in the levels of ATs and ATSer between
the phases of the OC are at rest lying leveling, and there were differences for t-RR between III
and I and II phases (676 + 17, 641 + 16, 634 + 11 ms, p < 0.05, respectively).
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Indicator Phases of the cycle

I II 11
APs, mm Hg. Art. 98.13+1.43 99.22 +1.54 101.41 +1.87°
APd, mm Hg. Art. 64.38 +1.14 65.31+1.05 66.88 +1.47
APm, mm Hg. Art. 75.63 +1.17 76.61 +1.02 78.39 +1.48’
T-R-R, ms 801 +15.6 784+17.3 803+17.9
SOK, ml 54.96 +2.12 58.15+2.93 54.50 +2.29
CL ms 3260 + 106 3109 + 87 3304 128
ZPO, din" em™ "p-5 1569 + 91 1418 +72 1638 + 82¢

"=p <0.05 in comparison with indicators in phase I.
‘~p < 0.05 in between the indices in the 2nd and 3rd phases.

Table 1. Indicators of central hemodynamics are at rest lying in different phases of the biological cycle of women.

Indicator Phases of the cycle

I II 111
APs, mm Hg. Art. 98.28 +1.46 97.81+1.50 99.37 +1.82¢
APd, mm Hg. Art. 63.59 0.9 63.90 £ 0.86 66.87 +1.34%
APm, mm Hg. Art. 75.15+0.9 75.20 = 0.95 77.70 + 1.34
BS 22.75+0.85 22.29+0.85 22.57 +0.85
ZPO, din" em™ "p-5 1558 + 71 1458 + 90° 1591 + 62¢
MVB, ml/min 4051 + 157 4304 + 202" 4042 + 149*
Heart rate ubs/min 75.13+1,29 7742 + 1,65 76.33 +1.52
CL, ml 2542 +99 2699 + 127 2533 +£92
R-R, ms 805+13 785+16 796 £ 16

~p <0.05 in comparison with indicators in phase I.

~p <0.05 in between the indices in the 2nd and 3rd phases.

Table 2. Indicators of central hemodynamics at regulated respiration (6 times/min) in different phases of the biological cycle.

The reactivity of all indicators in regulated breathing significantly changed in the III phase
compared with the 1st and 2nd phases. No changes occurred in the significance of ATs in all
phases, but SI significantly changed in the 3rd phase.

Thus, the major changes in the state of central hemodynamics in the rest of the lying were
observed in the luteal phase of the OMC, which disappeared in various loads on the body
(respiration 6 times/min, orthopedic, and psychoemotional load).

The cardiovascular system of the human body is one of the most important physiological sys-
tems, in the functioning of which involved rhythmic processes that interact with each other.
The most important of these is the main cardiac rhythm and breathing.
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When analyzing the parameters of the wave structure of the heart rate at rest, it was found that
significant differences between their levels, depending on the phase of the OC, were largely
absent. The exception is higher values of HFnorm in the III phase of the OC compared with
IT (65.4 [54.8, 75.0] and 55.4 [42.6, 68.9]%, respectively) and less aLF (11,533 [5449, 23,958] and
17,224 [9769, 26,508] ms**Hz-1, respectively), indicating a higher level of activation of the para-
sympathetic branch of the autonomic nervous system (VNS) in the follicular and luteal phases.

During orthogonal testing, there were significant changes in the wave structure of the cardiac
rhythm that had certain features in different phases of the CMC. Thus, the level of VLF did
not change, LF probably (p < 0.05) decreased from 670 [273, 974] to 459 [276, 689] ms? only in
the 2nd phase. Significantly (p < 0.001) in all phases, HF, HFnorm, and TP decreased. Similar
changes are the characteristic for this type of load and consist in increasing the tone of the
sympathetic link of the CNS [17, 58, 59].

Under conditions of regulated breathing, minor changes in heart rhythm values were observed.
Thus, the value of VLF changed in the second phase, and LF in the third phase is devastating
with the I and II phases. The value of a LF showed significant changes in all phases (Table 3).

At a psychoemotional load, VLF did not change, LF was likely to decrease from 2.0 [1.1, 4.3]
to 3.4 [1.8, 5.7] ms? only in the 2nd phase (p < 0.05). Significantly (p < 0.001) in all phases, HF
and aLF increased.

The analysis of the cardiac rhythm reactivity in orthostatic conditions (Table 4) showed that in
the luteal phase, an increase in the power of low frequency waves of heart rate was observed,
which was significantly higher than the amplitude of their decrease in the ovulatory phase.
Also, in the 3rd phase, there was a significant increase in the maximum peak in the frequency
range of 0.04-0.15 Hz (60.8%).

In regulated breathing, the changes in all phases were in VLF, aLF, and TPover. Insignificant
in HF and HFnorm (Table 5).

It is noteworthy that the greatest deviation of the values of reactivity to the load is typical
for indicators that characterize the frequency range of oscillations R-R from 0.04 to 0.15 Hz.

Indicator Phases of the cycle

I II III
VLEF, ms? 9.33 [6.44; 12.49] 6.65 [3.48; 13.56] 6.84 [3.47;11.19]
LF, ms? 33.11[13.48; 43.05] 38.36 [18.76; 57.03] 42.09 [20.9; 59.79]*
HF, mc? 18.9[10.9; 35.32] 20.9 [13.83; 33.71]' 21.98 [14.36; 33.05]
aLF, ms?/I'1y 23.61 [8.53; 57.74] 39.19 [17.80; 63.68]" 32.28 [15.23; 83.52]°
HFnorm, % 40.82 [28.74; 52.61] 36.68 [26.36; 49.77] 36.01 [23.04; 47.87]
TPover, ms? 62.87 [48.09; 98.42] 62.98 [46.90; 103.43] 70.24 [48.9; 103.33]*

"—p < 0.05 in comparison with indicators in phase I.

*~p < 0.05 in between the indices in the 2nd and 3rd phases.

Table 3. Indices of the variability of the heart rate at regulated respiration (6 times/min) in different phases of the
biological cycle.
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Indicator Phases of the cycle

I II III
VLF -15.8 [-49.5; 43.5] —20.4 [-57.5; 25.8] -8.9 [-46.3; 64.8]
LF -1.4 [-35.6; 60.8] -21.7 [-59.2; 29.7] 27.6° [-35; 71.8]
HF ~73.4 [-88.7;-3.5] -70.8 [-85.5; -1.3] ~73.3 [-83.4; -5.2]
aLF 14.1 [-21.5; 127] 24 [-38.4; 88.3] 60.8% [-2.2; 228.6]
fLF -8.5 [-45.8; 20.3] -5.8 [-27.5; 14.7] -19.6 [-38.4; 19.6]
HFnorm -56.5 [-65.9; =39.2] -50.8 [-60.6; 34.3] -49.3 [-64.3; -40.9]
TP -38.7 [-59.5; 0] -413[-71.2;7.3] -35.7 [-52.6; 32.5]

"=p <0.05 in comparison with indicators in phase I.
‘~p < 0.05 in between the indices in the 2nd and 3rd phases.

Table 4. Reactivity (%) of heart rate variability parameters at orthopedic examination in different phases of the biological
cycle of women (median, borders 25, 75 percentiles).

Indicator Phases of cycle

I II III
VLEF, ms? 74.4 [2.38; 147 47] 2.68 [-46.24; 98.00] -29.13 [-51.01; 29.53]
LF, ms? 33.1[13.48; 43.05] 38.36 [18.76; 57.03] 42.09 [20.9; 59.59]*
HF, ms? 19.0 [10.96; 35.32] 20.90 [13.83; 33.71] 21.98 [14.36; 33.03]
aLF, ms*/Hz 1850 [905; 2949] 1966 [545; 3034] 2195 [1070; 4148]°

HFnorm, %

TPover, ms?

-56.2 [-64.07; -28.71]

77.6 [8.24; 220.25]

-52.44 [-67.53; -33.49]

62.10 [6.06; 172.36]

-52.38 [-71.19; -40.89]
90.79 [46.71; 171.50]*

~p <0.05 in comparison with indicators in phase I.
‘~p <0.05 in between the indices in the 2nd and 3rd phases.

Table 5. Reactivity (%) of parameters of heart rate variability during regulated breathing (6 times/min) in different
phases of the biological cycle of women (median, borders of 25 and 75 percentiles).

In this regard, a detailed analysis of the distribution of waves of the cardiac rhythm in it was
performed on a normalized median spectrogram.

6. Discussion

As for the phases of the menstrual cycle, Princi from the sing did not find changes in the heart
rate in three phases [47]. However, in our study, analyzing the heart rate reactivity, we found
that in the luteal phase, an increase in the power of low frequency waves of heart rate was
observed, which was significantly higher than the amplitude of their decrease in the ovula-
tory phase. Also, in the 3rd phase, there was a significant increase in the maximum peak in the
frequency range of 0.04-0.15 Hz (60.8%).
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According to Princi with singing, the total power of the spectrum and its high frequency part
increased in the folliculin phase and decreased during the luteal phase.

Leicht et al. noted a high heart rate in the ovulation phase at a constant level of all endogenous
hormones, and even the variability of the heart rate was the same in different phases of the
cycle. However, they identified the correlation between the level of estrogen and the absolute
expression of HRV in ovulation. The correlations found between the peak of estrogen and
HRYV are attributed to the cardioprotective effect of hormones in healthy women.

Tanaka et al. (2003) believe that the cardiovascular reflex may be damaged depending on the
level of estradiol Guasti (1999) studying autonomic function in the normal ovulatory cycle
and evaluating HRV sensitivity of baroreceptors in healthy women. They found increased
sympathetic activity in the second phase of the cycle. This gave reason to speak of different
baro-reflex sensitivity in different phases of the cycle.

Investigating the state of hemodynamics and HRV in the studied group of women in differ-
ent conditions, it was found that the nature of the distribution of spectral power in different
phases of the CMC is significantly different. At rest, the phase I is characterized by one peak
at a frequency of 0.1 Hz, and for II and III phases, there are two peaks that can have different
mechanisms of origin [47]. Moreover, in the third phase, the wave at frequency 0.08 Hz, which
according to the experimental data characterize the functioning of the baroreflex [22], is most
pronounced. These results largely coincide with the conclusions of many authors that HRV is
a genetically determined characteristic of a human body [9].

Princi [47] indicate that cardiointerval analysis is more appropriate to determine the slight
variations in the VNS activity during the menstrual cycle than the use of traditional indica-
tors such as heart rate and arterial pressure. It should be noted that the phase of the ovar-
ian cycle can significantly affect the HRV in women of reproductive age, both at rest and
in psycho-emotional stress (features of the cardiovascular system in different phases of the
menstrual cycle) [28]. In our study, we found that during the neurodynamic load, significant
adaptive changes in vegetative regulation in the follicular phase were observed, while the
lowest reactivity and inhibition of the functional state of the organism were characteristic of
the luteal phase of the CMC. In this case, in the conditions of a 10-minute neurodynamic test
in the feedback mode using the method MV Makarenko, the number of processed signals was
significantly higher in phase I (1533 [1309, 1642] signal) compared with II and III ([1438 [1219,
1573] signal) phases (p <0.05). We believe that such changes in mental performance are due to
changes in the hormonal status in the body of women. We also found that in the first phase,
the difference between the ratio of correct answers of the right (52 [50, 54]%) and the left (48
[46, 50]%) hands was highly reliable (p < 0.01), while in II and III phases was leveled (p < 0.501
and 0.223, respectively). Such a pattern indicates the possibility of changes in the degree of
domination of the cerebral hemispheres during the menstrual cycle.

However, the study by Grossman et al. [45] found no differences in the parameters of the
wave structure of arterial pressure and heart rate when performing orthopedic and stimulat-
ing carotid sinus in women in different phases of the CMC.

In a study by Lawrence et al., studies, for 10 completely healthy women, it was found that
spontaneous baroreflectory sensitivity increases during the luteal phase compared to the fol-
licular phase.
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By analyzing the distribution of cardiac heart rate wavelengths by normalized median spec-
trogram, we found that normalized spectral power in the range of low heart rate rhythms at
orthodontic tests in men and women significantly differed at frequencies of 0.08 and 0.1 Hz.
The latter can testify to the sexual characteristics of spontaneous baro-reflex sensitivity, a
certain difference in the genesis of these waves.

The presence of two peaks can indicate two impacts on the heart rate spectrograph. Yes,
there are two theories of wave formation in the low frequency region. The first is the effect
of the functioning of the baroreflector mechanism of regulation of arterial pressure [60], and
the second is the influence of the endogenous rhythm generator. In studies by Cooley et al.
[27] evaluated the spectra of fluctuations in blood pressure and RR intervals in patients with
implanted artificial left ventricle. After a short time after implantation (1 and 15 months),
there were no slow waves in the arterial pressure spectra, and in the spectra of RR-intervals
of their own heart, slow fluctuations “became apparent and dominant.” The endogenous
oscillator is likely to capture the rhythm of waves caused by the activity of the baro-reflex
mechanism, which is a manifestation of the fundamental natural synchronization phenom-
enon [61], and in this case, the frequency of both the baroreflex and the oscillator is the same
or slightly different.

A probable increase in the level of blood pressure in the 3rd phase compared with the 2nd
and even the greater is the phase I, indicating an increase in the tone of the sympathetic
department of the autonomic nervous system and is consistent with the literature data (Princi
et al., 2005). Some authors [52] point out the individual peculiarities of autonomic regula-
tion in women and predict the relative stability of the type of autonomous regulation and its
genetic determinism. However, there are certain contradictions. Thus, Japanese scientists [43]
observed an increase in the value of LF, which reflects the effect of both the sympathetic and
parasympathetic VSS on the level of AT in both I and II phases.

But Princi and sang. (Princi et al., 2005) found opposite data, that is, the growth of LF in phase
I and its decline in III. But only six women were screened and therefore, in our opinion, data
for statistical processing are not enough. Lucini and sang (Lucini et al., [6]) noted an increase
in blood pressure in the 2nd phase. In this case, the content of sex hormones did not change.
It is also noted that the HRV indices did not change in any phase of CMC. However, a cor-
relation between the content of estrogen and the absolute peak of HRV in the 2nd phase was
identified. The found correlation is attributed to the cardiotropic effect of sex hormones. The
autonomic nervous system plays a significant role in the processes of adaptation of the organ-
ism, and resulting in its functional state is very variable. Dependence of types of hemodynam-
ics from the initial vegetative tone is considered in some diseases of the cardiovascular system.
Establishing this relationship in the norm allows us to clarify algorithms for diagnosing the
adaptive capacity of the organism, since they depend not only on the initial level of function-
ing of the system and functional reserves, which are most often used in medical-pedagogical
control and preventive medicine, but also from the level of voltage regulatory systems, which
is practically not taken into account.

In our study, we measured the level of vegetative tone with the HFnorm. Analysis of the dis-
tribution of this indicator in the first phase of CMC allowed to distinguish three typological
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groups: sympatotonic with a level up to 44% (19 people), norm tonics within the range of
44-60%, and vagogonics from 60% (26 people).

Probable differences in blood pressure levels between individuals of these typological groups
were mainly found by diastolic blood pressure. So at rest, lying in the first phase of the CMC
in BT, this indicator was higher than that of CT. At orthogonal testing of ATD in the 3rd phase
of OMC in NT and VH was higher than in CT. Such shifts in values are also confirmed by the
analysis of the reactivity of this indicator in the transition to orthostatic position. In BT, it is
probably lower than CT in the first phase of CMC. While in the third phase of CMC in ST,
there was no probable increase in comparison with the level of resting lying, and then in VT,
this increase was not natural.

Thus, experimental studies have shown that an integrated approach to the study of indi-
vidual-typological characteristics of central hemodynamics and its wave manifestations in
women in different phases of the CMC gives an opportunity to answer a number of questions
that arise in this case.

Based on the results of the study, we formulated the following conclusions:

1. Theoretical analysis of scientific and methodological literature has shown that there are
certain contradictions in the results of various studies of the variability of the heart rate in
women in different phases of the ovarian-menstrual cycle and the interpretation of their
mechanisms, individually its changes to different loads.

2. In a state of rest in women, there are changes in the levels of systolic blood pressure and
blood pressure in the central luteal phase of the OC compared with the follicular and
ovulatory phases. The analysis of cardiac thythm reactivity during ortho-trial in the luteal
phase was characterized by an increase in the power of low frequency waves of heart
rate, as well as a significant increase in the maximum peak in the frequency range of
0.04-0.15 Hz (60.8%).

3. Lying alone, with orthogonal and psychoemotional stress, there are basically differences in
the parameters of the vibration duration of the interval R-R and UOC and their synchroniza-
tion in women in ovulatory and luteinous phases compared to follicle. There is a significant
link between Mayer’s wave power and median and diastolic pressure, mainly in the women'’s
follicular phase of CMC in all conditions. The maximum peak amplitude of the UOC spec-
trograph in the range of 0.04-0.15 Hz is most closely related to the levels of APm and APd.
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Abstract

In the human placenta, fetal blood circulates in the blood vessels of the villous tree while
maternal one circulates in the intervillous space, the surroundings of the villous tree.
Previously, the computational model of the villous tree, whose stem villi actively con-
tract because of the contractile cells, has been developed. The result of the computation
indicated that the displacement caused by the contraction would be helpful for the fetal
and maternal circulations and can be combined with the other measurements for blood
circulations in the placenta. Hypoxia in the placenta is classified into the following cat-
egories: preplacental hypoxia, uteroplacental hypoxia, and postplacental hypoxia. The
number and the form of the terminal villi are altered by hypoxia. Assuming that increase
in the terminal villi causes a higher shear elastic modulus of the placenta, this villous
tree model is useful to estimate the influence of hypoxia on the blood circulations. In this
chapter, how these three types of hypoxia influence the blood circulation in the placenta
by the aforementioned computational model are discussed. While preplacental hypoxia
and uteroplacental hypoxia would cause similar displacement in large regions, postpla-
cental hypoxia would do vice versa. All the types might make the fetal and maternal
blood circulations difficult.

Keywords: placenta, hypoxia, villous tree, terminal villi, contraction, blood circulation

1. Introduction

In the human placenta, the blood vessels in the villous tree lead to the umbilical artery and vein,
while the intervillous space, the surroundings of the villous tree, is linked to the uterine artery

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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and vein. The fetal and maternal blood circulates separately so that the substances and gases are
exchanged through the surface of the villous tree, without mixing these two types of blood [1]. The
influence of the blood circulations on the exchange of the substances has been investigated [2, 3].
Also, the fetal and maternal blood circulations in the placenta have been evaluated by ultrasound
Doppler and MRI so that the influences of these circulations on fetal growth have been indicated
[4-9]. However, the direction of the blood flow in the placenta has been hardly determined yet.

The villous tree is classified into the following villous types: stem villi, intermediate villi, ter-
minal villi, and mesenchymal villi [1, 10]. At term, the villous tree is mainly composed of stem
villi, mature intermediate villi, and terminal villi [1, 11, 12]. The stem villi, the main support of
the villous tree, are connected to the mature intermediate villi, which is accompanied by the
terminal villi. In the stem villi, arteries, veins, arterioles, venules, and capillaries are observed
[1, 11]. The mature intermediate villi have arteriole, postcapillary venules, and capillaries,
part of which are linked to the capillary loop in the terminal villi [1, 12]. The artery and vein
in the stem villi are surrounded by contractile cells, which are axially aligned [13-20]. Also,
the contraction of the stem villi has been observed [14, 21-23].

Since the contraction of the stem villi would contribute to the fetal and maternal blood circula-
tions in the placenta, the computational model of the villous tree, which actively contracts, has
been developed [24]. In this model, the contraction of the stem villi causes the displacement of
the surroundings: the displacement propagates from the surface of the stem villi. The result of
the computation based on this model indicated that the magnitude of the displacement was
almost kept in the placenta, and the direction was helpful for the fetal and maternal circula-
tions although several positions were vulnerable to the mechanical properties of the placenta
[24]. In addition, the comparison between the displacement pattern estimated by this model
and flow velocity measured by the aforementioned methods will provide the direction of the
blood flow in the placenta [24]. However, how the parameters in this computation, including
the shear elastic modulus of the placenta and the maximum distance for the propagation,
influence the displacement has not been investigated yet.

Hypoxia is classified into the following groups: preplacental hypoxia, less oxygen content in
the maternal blood; uteroplacental hypoxia, normal oxygen content in the maternal blood but
less content in the uteroplacental tissues; postplacental hypoxia, normal oxygen content in the
maternal blood but less content in the fetus because of the problem in the fetoplacental perfu-
sion [1, 25, 26]. In preplacental hypoxia and uteroplacental hypoxia, capillaries are highly
branched and the terminal villi are clustered so that the terminal villi are predominantly
observed [1, 25, 26]. The terminal villi in postplacental hypoxia are filiform and scarcely
observed [1, 25, 26]. The villous tree model, which changes its shape based on the oxygen
content, has also developed [27]. Assuming that an increase in the terminal villi is correspond-
ing to the higher shear elastic modulus of the placenta and longer propagation distance of the
stem villi contraction, the stem villi model [24] is useful to estimate the influence of hypoxia
on the blood circulation in the placenta. However, such an analysis has not been done yet.

In this chapter, how three kinds of hypoxia influence the blood circulations in the placenta
was evaluated. The computational model of the stem villi has been developed and used to
estimate the distribution of the displacement in the placenta previously [24]. The distribu-
tion of the displacement was analyzed not for hypoxia, but for general characteristics of the
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displacement so that the influences of the parameters such as the shear elastic modulus and
distance for the propagation on the displacement have barely investigated. After introduc-
ing the model of the villous tree, the analyses for the influences of these parameters on the
displacement and characteristics of the displacement in hypoxia were indicated.

2. Computational models

2.1. Villous tree model

The computational model and parameters have been reported previously [24]. Figure 1 shows
the computational model, where the chorionic and basal plates are the boundaries for the fetal
and maternal sites, respectively. Truncus chorii, rami chorii, and ramuli chorii are parts of the
stem villi. The position in the model is indicated by the Cartesian coordinate: the z axis, whose
origin is placed on the chorionic plate, perpendicular to the chorionic and basal plates. That is,
the z coordinate is corresponding to the distance from the chorionic plate. The surroundings
of the stem villi are composed of the intervillous space, where the maternal blood circulates,
and all the villi except the stem villi. The size and branching patterns based on the histological
reports [1, 10] were as follows: diameter, 3-0.3 mm; branching pattern, no bifurcation in the
truncus chorii, equally dichotomous as well as symmetric in the rami chorii, and unequally
dichotomous as well as asymmetric in the ramuli chorii.

Chorionic plate

Basal plate

Figure 1. Side view of the villous tree model. White region, stem villi; black region, other types of villi and intervillous
space; size (X, y, z), 1200 x 1200 x 847 pixels (1 pixel =29 pm) (source: modified from Figure 1 in Kato et al. [24]).
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The displacement, u, is described by the following equation:
u = & coskr (1)

where ¢ is the amplitude (0.1 um), k is the wavenumber and r is the distance from the surface
of the stem villi. The maximum distance for the propagation, s, was 1.45, 2.9, or 4.35 mm. Also,
the shear elastic modulus, p, is described as follows:

M= pAzo? @)

where o is the density (1.0 x 10° kg/m®), A is the wavelength (0.29, 0.58, or 1.45 mm), and v
is the frequency (1 Hz). Hence, the shear elastic modulus of the placenta was 8.41 x 107 Pa,
3.36 x 107 Pa, or 2.10 x 107 Pa. The displacement caused by the contraction was indicated by
the polar coordinate: magnitude, ¢ (0 to 180°) and 0 (180 to 180°).

2.2. Hypoxia model

The villous tree in preplacental hypoxia and uteroplacental hypoxia has plenty of terminal
villi while that in postplacental hypoxia has few filiform ones [1, 25, 26]. It was assumed that
an increase in the number of the terminal villi makes the shear elastic modulus of the placenta
higher and the maximum distance for the propagation of the displacement longer. Because
the model, whose shear elastic modulus was 3.36 x 10 Pa, was the control model, the shear
elastic moduli in the preplacental hypoxia and uteroplacental hypoxia model and the post-
placental hypoxia model were 2.10 x 10 and 8.41 x 10 Pa, respectively. Also, the maximum
distances for the displacement propagation of the preplacental hypoxia and uteroplacental
hypoxia model and the postplacental model were 4.35 and 1.45 mm, respectively, since that
of the control model was 2.9 mm. Because the shear elastic moduli and the maximum distance
for the propagation had three types, respectively, nine different models were made. The mod-
els except the control model, the preplacental hypoxia and uteroplacental hypoxia model, and
the postplacental model represent the conditions toward these types of hypoxia.

2.3. Contraction

Three types of hypoxia in the placenta alter the terminal villi but rarely the stem villi. How
the hypoxia influences the contractile cells in the stem villi has been barely investigated. The
previous report has indicated that fetal growth restriction enhances a-smooth muscle actin of
the stem villi [28]. Hence, the amplitude, £, in Eq. (1) could be maintained in all the models
but also be changed as 0.4 pum for 8.41 x 10~ Pa, 0.016 um for 2.10 x 10 Pa because of the
change in the elastic moduli.

2.4. Characteristic positions

In order to evaluate the influence of the terminal villi on the displacement distribution in the
placenta, the mean and standard deviation of the magnitude, ¢ and 0 in each z coordinate
were used as the previous report indicated [24]. The middle positions of each part and several
z coordinates which show the characteristic distributions of the magnitude, ¢, and 0 are used:

z, 7. and z_, the middle positions of the truncus chorii, rami chorii, and ramuli chorii; z

'sd/mean”
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the z coordinate at the peak of the standard deviation normalized by the mean in the displaced
area; z,, and z,, the z coordinates at the lower and higher peaks of the standard deviation of
¢, respectively; z,, the z coordinate at the lower peak of the mean from the rami chorii to the
ramuli chorii. These positions have been used previously [24], but how the parameters influ-
ence the positions have not been investigated yet.

2.5. Statistical analysis

The coefficient of determination, R?, in the regression line, and the number of the samples, 7,
provide F-value, F, whose dfI and df2 were 1 and n-2, respectively:

F=n27im ©)

The level of significance was 0.05.

3. Results

3.1. Displaced region

Figure 2 shows that the displaced volume normalized by the volume of the entire model
except the stem villi region became larger as the maximum distance for the propagation,
s, grew longer. However, the wavelength scarcely altered the size of the displaced region.
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R = 0.9976 (p < 0.05)
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Figure 2. Displaced volume normalized by the volume of the model except the stem villi (2.96 x 10* mm?®).

31



32

Highlights on Hemodynamics

These results indicate that the displaced area in the placenta under preplacental hypoxia and
uteroplacental hypoxia would be larger than that under postplacental hypoxia.

Figure 3 shows the displaced area at the control model. Since the wavelength weakly influ-
ences the size of the displaced region, the mean of the displaced area at the same maximum
distance for the propagation in each characteristic z coordinate was calculated. Figure 4 show
the relationship between the displaced area normalized by that at the maximum distance for
the propagation of the control model (2.9 mm) and the characteristic z coordinates. The maxi-
mum distance for the propagation almost equally altered the size of the displaced area at all the
characteristic position except z and z ;. at both of the maximum distances. The influence of
the maximum distance on the size of the displaced area at z and z_;, . were much larger than
that on the other positions. Considering that z and z ,,  are close to the chorionic plate, all

the types of hypoxia would strongly influence the blood circulations near the chorionic plate.

3.2. Characteristic positions

Figure 5 shows that the maximum distance for the propagation scarcely influenced the char-
acteristic z positions. The influence of the wavelength was also little. Hence, the characteristic
z positions would be kept in all the types of hypoxia.

3.3. Displacement: magnitude

Figures 6 and 7 show the mean of the displacement in each model when the amplitude

&, was maintained. As the wavelength and maximum distance for the propagation grew

0.4

0.35

0.05

Zi Zsdmean L1 & I Zy Zy

Figure 3. Displaced area normalized by the area of the model at each z coordinate. A = 0.58 mm and s =2.9 mm.
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longer, the displacement became larger. When & became smaller as the shear elastic modu-
lus of the placenta grew larger, the mean of the displacement was largely decreased by the
longer wavelength as Figure 8 shows. In Figure 9, the longer distance for the propagation
induced the larger displacement as shown in Figure 7. However, the longer wavelength
induced the larger displacement in Figure 7 but vice versa in Figure 9. Considering that
the preplacental hypoxia and uteroplacental hypoxia model, and the postplacental hypoxia
model showed the smallest elastic moduli and maximum distance, and the largest ones,
the mean of the displacement would be different from the control model as shown in
Figures 6-9.

3.4. Displacement: direction (¢ and 0)

While Figure 10 shows that the influence of the wavelength on the range of the area fraction
for ¢ = 45-135° among those at the characteristic z coordinates was barely consistent, the
longer maximum distance for the propagation reduced the range as shown in Figure 11.
Hence, the longer maximum distance for the propagation would weaken the influence of the
z coordinate on .

Both the wavelength and the maximum distance for the propagation influenced the standard
deviation of the area fraction in each class interval of 0 (SDin), but not consistently. SDin at z_
was decreased by the longer wavelength and maximum distance as shown in Figure 12. SDin
at z, indicated the same tendency, but those at z and z, did not.
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Figure 8. Influence of the wavelength on the mean of the modified displacement.
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Figure 13. The range of the area fraction for 45-135°, and range of SDin (0). Post, postplacental hypoxia; pre&up,
preplacental hypoxia and uteroplacental hypoxia.

Figure 13 shows the ranges of the area fraction for ¢ = 45-135° and SDin at the control model
(s=2.9 mm, p=3.36 x 10 Pa), postplacental hypoxia model (s = 1.45 mm, p = 8.41 x 107 Pa),
and preplacental hypoxia and uteroplacental hypoxia model (s = 4.35 mm, p = 2.10x 107 Pa).
In both ranges, the postplacental hypoxia model was the largest while the preplacental and
uteroplacental hypoxia model was the smallest. The result described that the direction of the
displacement in the postplacental hypoxia model was more varied than that in the preplacen-
tal hypoxia and uteroplacental hypoxia model.

4. Discussion

In this chapter, the displacement caused by the contraction of the stem villi in the three types
of hypoxia in the placenta was evaluated. While the villous tree is rich in terminal villi at
preplacental hypoxia and uteroplacental hypoxia, it has few terminal villi at postplacental
hypoxia. Assuming that increase in the terminal villi in the placenta induces higher shear
elastic moduli of the placenta, postplacental hypoxia would show lower shear elastic moduli
while preplacental hypoxia and uteroplacental hypoxia would show higher ones. In the mean-
time, the computational model of the villous tree with active contractions has been developed
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previously [24], and it has been shown that the magnitude and direction of the displacement
would be helpful for the blood circulation in the placenta [24]. Because the general aspects
of the displacement caused by the contraction were investigated in the previous study [24],
the influence of each parameter on the displacement and how to modulate the parameter and
model for representing the dysfunction of the placenta, including hypoxia, has been barely
discussed. Based on the previous computation [24], the analysis for the preplacental hypoxia
and uteroplacental hypoxia model and the postplacental hypoxia model was done.

The maximum propagation distance influenced the displaced region, especially near the
chorionic plate. However, the characteristic z coordinates, was not influenced by the shear
elastic modulus and the maximum propagation distance. When increase in the shear elastic
modulus of the placenta reduced the displacement caused by the contraction of the stem villi,
the placenta in preplacental hypoxia or uteroplacental hypoxia caused smaller displacement
than that in postplacental hypoxia. Also, changes in the magnitude and direction of the dis-
placement would occur at the characteristic positions, kept in all the models. The range of the
area fraction for the displaced area at ¢ = 45-135° got smaller as the maximum distance for
the propagation became longer. The influence of the wavelength and the maximum distance
for the propagation on the standard deviation of the area fraction in each class interval of 6
(SDin) was dependent on the z coordinates. The SDin was more influenced by the z coordi-
nates than the wavelength and the maximum distance so that SDin would be dependent on
the shape of the stem villi. The ranges of the area fraction at ¢ = 45-135°and SDin in the post-
placental hypoxia model was larger than those in the preplacental hypoxia and uteroplacental
hypoxia model. Postplacental hypoxia would cause more varied displacement pattern than
preplacental hypoxia and uteroplacental hypoxia.

According to the aforementioned results, postplacental hypoxia would have the small region
displaced with various directions, and preplacental hypoxia and uteroplacental hypoxia
would have the large region displaced with similar directions. In the intervillous space,
the maternal blood in postplacental hypoxia might hardly circulate around the villous tree
because of the small displacement regions with various directions while that in preplacental
hypoxia and uteroplacental hypoxia might experience difficulties in circulation because of the
large region displaced with similar directions. In the terminal villi, the fetal blood in postpla-
cental hypoxia might have difficulty in circulation because the small amount of the capillaries
would be received the displacement with various directions while that preplacental hypoxia
and uteroplacental hypoxia might flow in the capillaries with difficulties because the large
amount of the fetal blood would receive the displacement with similar directions.

The villous tree model enables us to depict the displacement pattern in the placenta, which is
linked to the mechanical environment. It is possible to apply the mechanical environment to
the computation about the model of the terminal villi, which is composed of the capillaries
[29]. In the meantime, telocytes in the placenta have been found [30-33]. The distribution of
the telocytes should be considered because the placenta is an innervated organ. Moreover, a
novel medical imaging method available for the placenta [34] is also developed. If the villus
tree model and the aforementioned findings and methods are combined together, dysfunc-
tions in the placenta can be estimated more precisely.
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5. Conclusion

In this chapter, how hypoxia influences the displacement caused by the contraction of the
stem villi was estimated. Preplacental hypoxia and uteroplacental hypoxia would cause simi-
lar displacement directions in large regions while postplacental hypoxia would cause small
displaced regions with various directions. Both of them might cause difficulties for the fetal
and maternal circulations in the placenta.
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Abstract

Active, progressive hydrocephalus in children leads to increase of intracranial pressure,
dilatation of cerebral ventricles, and decrease of intracranial compliance. These changes lead
to disorder of regulation of cerebral circulation and development of cerebral hypoperfusion
resulting in the secondary brain damage. Ependymal disruption, periventricular edema, and
compression of the periventricular capillaries can be developed. Ischemia of the white
matter can be developed due to hypoperfusion. But it is reversible if treated early and
adequately. Transcranial Doppler sonography enables to determine hemodynamic parame-
ters of cerebral circulation in various physiological and pathophysiological conditions. As
transcranial Doppler sonography has been regarded to be noninvasive and appropriate for
bedside treatment, it can also be applied in children at any age. The goal of this chapter is to
assess changes of cerebral circulation in children with hydrocephalus and application of
data from scientific studies of intracranial dynamics in children with hydrocephalus in
clinical practice. The work is also focused on evaluation of impact of intracranial factors on
Doppler parameters of cerebral circulation, especially in neonates with hydrocephalus. The
ambition of this chapter is to improve indication and timing of drainage procedure in
children with hydrocephalus by application of the results and clinical experience in daily
clinical practice.

Keywords: cerebral hemodynamics, transcranial Doppler sonography, pediatric
hydrocephalus
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1. Introduction

Increased accumulation of cerebrospinal fluid in children with hydrocephalus leads to increased
intracranial pressure, dilatation of the cerebral ventricles, decrease of intracranial compliance,
and reduction of the brain tissue with negative impact on neurological condition of the child and
his neurological development in the future. Alteration of cerebral circulation includes compres-
sion of the cerebral capillaries, stretching of the cerebral arteries, dysregulation of cerebral
circulation, increase of cerebrovascular resistance, and decrease of cerebral blood flow. Progres-
sion of damage of the brain tissue results from decrease of blood flow in the brain and cerebral
ischemia accompanied by changes in energetic metabolism. To measure the acute reversible
cerebrovascular changes, and thus improve indication and timing of drainage procedure in
noninvasive way, there is a need for examination technique, which could be used in daily clinical
practice. This is the potential of transcranial Doppler sonography. It can analyze blood flow in
the cerebral arteries and thus enables to perform noninvasive assessment of hemodynamic
parameters of cerebral circulation.

Interpretation of changes in the Doppler curve of the cerebral arteries in pediatric hydroceph-
alus remains to be a discussed issue. Increase of cerebrovascular resistance of the cerebral
arteries due to increased intracranial pressure is reflected in change of blood flow velocity
and increased values of qualitative indices in the Doppler curve. Generally, there is good
correlation between resistance index and pulsatility index of the cerebral arteries and intracra-
nial pressure. Relationship between intracranial pressure, clinical manifestations of intracra-
nial hypertension, dilatation of the cerebral ventricles, and Doppler parameters of the cerebral
arteries is defined by biomechanical properties of the cranium and the brain in various age
groups in children. It may be also influenced by many intra- and extracranial factors, which
affect cerebral circulation [1]. In critically ill children, several factors are usually combined,
which may, but do not have to, affect changes in the Doppler curve of the cerebral arteries.
Therefore, cerebral blood flow in this type of patients has to be assessed carefully.

2. Doppler parameters of cerebral circulation in pediatric hydrocephalus

Bada et al. [2] were the first who described the relationship between Doppler parameters of cerebral
circulation and intracranial pressure in preterm neonates with posthemorrhagic hydrocephalus.
The results showed increased resistance index of the cerebral arteries due to increased intracra-
nial pressure [2]. In the same year, Hill and Vople [3] presented results of their research on
changes of RI-ACA in neonates with hydrocephalus. In nine out of ten cases, dilatation of the
cerebral ventricles was accompanied by increase of intracranial pressure. In all cases, RI-ACA
was increased. It was affected mainly by decrease of Ved. After drainage procedure, RI-ACA
decreased due to increase of Ved. According to the authors, ventriculomegaly was considered
more significant factor influencing hemodynamic parameters of ACA than increased intracranial
pressure. Because in most of the cases, dilatation of the cerebral ventricles was accompanied by
increased intracranial pressure, it is difficult to differentiate impact of dilatation of the cerebral
ventricles from impact of increased intracranial pressure on cerebral circulation [3].
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Fisher and Livingstone [4] observed change of parameters of blood flow in the Doppler curve in
MCA, ACA, and ICA. The research revealed increase of PL, significant decrease of Ved, and slight
decrease of Vsyst before drainage procedure. After drainage procedure, in which functional
internal drainage system had been applied, return of hemodynamic parameters to normal range
of values was confirmed. However, this change was not accompanied by return of size of the
cerebral ventricles to standard values, excluding width of the third cerebral ventricle. Correlation
between size of the cerebral ventricles and Vsyst was not proven. Relationship between Ved and
size of the cerebral ventricle was intraindividual in its nature. The strongest correlation was
measured between size of the cerebral ventricles and pulsatility index. Regarding morphological
parameters, width of the third cerebral ventricle showed to be a precise indicator of changes of
intracranial volume [4]. It was found out that ACA and MCA have the highest predisposition to
early reaction to change of intracranial dynamics [4, 5]. During observation of RI-ACA, RI-MCA
and RI-ICA in children with hydrocephalus before drainage procedure as well as in the early and
later postsurgical period, the biggest changes of blood flow Doppler parameters were found in
the anterior cerebral artery [6]. In children with hydrocephalus, Nishimaki et al. [7] measured RI-
ACA and RI-BA. They found out that both indices were significantly increased before drainage
procedure, but RI-ACA was more increased than RI-BA. However, indices of both cerebral
arteries were significantly increased after drainage procedure, and decrease of RI-ACA was more
significant than RI-BA. Significant change of RI-ACA comparing with change of RI-BA before
and after drainage procedure is probably determined by anatomical location of the arteries. The
anterior artery lies closely to the lateral cerebral ventricles and the third cerebral ventricle, and the
basilar artery is located in the basilar cistern in front of the pons. In most of the cases of
hydrocephalus, the lateral cerebral ventricles dilate more than the third and the fourth cerebral
ventricles. Therefore, the authors of the study assume that dilatation of cerebral ventricles has
greater effect on the anterior cerebral ventricle than on the basilar artery [7].

Although the basilar artery does not belong to the arteries with the highest predisposition to
early reaction to volume-pressure changes in the intracranial space, assessment of increased
RI-BA value and size of the cerebral ventricles, which had been performed in dogs with
hydrocephalus, helped to distinguish cases, in which drainage procedure is necessary —with
sensitivity of 77% and specificity of 94%. The value of neurological manifestations of symp-
tomatic hydrocephalus correlated with RI-BA value and size of the cerebral ventricles. During
measurement of individual dynamics, changes in clinical symptomatology had been accom-
panied by changes of RI-BA and size of the cerebral ventricles [8].

When observing changes of pulsatility index and cerebral ventricles resistance in children with
hydrocephalus before and after drainage procedure, various studies revealed significant
increase of PI and RI values of the cerebral ventricles before drainage procedure and significant
decrease of PI and RI in functional drainage internal system after surgery. Change of qualita-
tive indices of the Doppler curve was affected by change of Ved. The results of studies showed
that increased cerebrovascular resistance before drainage procedure was determined by
increased intracranial pressure, which is reversible after drainage procedure. Positive impact of
drainage procedure on Doppler parameters of the cerebral arteries is based on postsurgical
change of cerebrovascular resistance and regulation of cerebral circulation due to decrease of
intracranial pressure [6, 9-12]. Significant relationship between resistance index and pulsatility
index of MCA was observed in infants with congenital hydrocephalus before the operation [13].
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The assessment of Doppler parameters of cerebral circulation and heart rate variability in pre-
term neonates with posthemorrhagic hydrocephalus showed that hemodynamic parameters as
well as chronotropic regulation of cardiac function changed after drainage procedure [14].

On the contrary, van Bel et al. [15], who investigated ten preterm neonates with posthemorrhagic
hydrocephalus before drainage procedure, proved significant increase of PI-ACA resulting from
significant increase of Vsyst. After successful performance of drainage procedure, PI-ACA and
Vsyst significantly decreased. The values of PI-ACA after drainage of cerebrospinal fluid were
within standard range. When van Bel et al. [15] compared values of Ved and Vmean before and
after drainage procedure, they did not found any significant changes. It may be concluded that
increase of PI-ACA before drainage procedure was determined only by increase of Vsyst [15].
The same results were confirmed by Alvisi et al. [18]. Many researchers claim that increase of
Vsyst before drainage procedure is caused by movement and compression of the anterior
cerebral arteries through enlarged cerebral ventricles and flow of cerebrospinal fluid into the
white matter, which results in decrease of transmural pressure gradient [16-18].

In neonates, infants, and older children, Goh et al. [19, 20] studied relationship between intracra-
nial pressure and resistance index of ACA and MCA. They found good intraindividual correla-
tion between ICP and RI-ACA and RI-MCA in neonates and general good correlation between
ICP and RI-ACA and RI-MCA in infants and older children. Difference between the age groups
is probably caused by individual pressure-volume compensation of the intracranial pressure in
neonates with hydrocephalus in various stages of hydrocephalus and various degree of compli-
ance of the calva and cranial sutures. Intracranial dynamics is more uniform in infants and older
children. This corresponds with general good correlation between intracranial pressure and
resistance index of the cerebral arteries. Significant decrease of RI-ACA and RI-MCA, deter-
mined by increase of Ved, was observed after drainage procedure in all age categories. Only in
neonates, increase of Ved was accompanied by moderate increase of Vsyst and Vmean [19, 20].

During continuous observation of blood flow in MCA by transcranial Doppler sonography,
positive impact of drainage of cerebrospinal fluid on Doppler parameters of MCA had been
observed in children with hydrocephalus during the insertion of ventriculoperitoneal shunt.
Insertion of ventricular catheter into the lateral cerebral ventricle with cerebrospinal fluid deri-
vation led to obvious and immediate 30% increase of blood flow in MCA. When drainage
procedure had been performed, values of PI-MCA, which were increased before the surgery,
returned to standard range. The results of the study confirmed positive impact of cerebrospinal
fluid derivation on hemodynamic parameters of cerebral circulation in children with hydroceph-
alus [21].

Results of various studies emphasize the importance of data from assessment of changes of
Doppler parameters of cerebral circulation to the monitoring of dilatation of cerebral ventricles.
Experiment on newborn rats with progressive communicating hydrocephalus showed that
onset of ventricular dilatation was not accompanied by alteration of parameters in the Doppler
curve of the cerebral arteries. Pulsatility index of the cerebral arteries had been increased
during development of hydrocephalus and followed by progression of ventricular dilatation.
This means that dilatation of cerebral ventricles did not change pulsatility index of the cerebral
arteries. Instead, the change occurred due to progression of hydrocephalus and increase of
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intracranial pressure. It can be concluded that in this developmental stage of hydrocephalus,
cerebral circulation was more influenced by increased intracranial pressure than by ventricular
dilatation [22]. In chronic stage, changes of cerebral hemodynamics and advanced ventricular
dilatation were accompanied by other structural pathological changes [23].

Relation between dynamics of ventricular dilatation (progressive, stable, or regressive) and basal
and compressive values of RI-ACA was not found in neonates with hydrocephalus before the
drainage procedure. It means that dynamics of ventricular dilatation is not the only parameter
influencing Doppler parameters of the cerebral arteries. In all cases of neonates with hydro-
cephalus, intracranial pressure was increased during drainage procedure, and clinical mani-
festations of intracranial hypertension had diminished after the surgery. Therefore, the authors
of the study assume that Doppler parameters of the cerebral arteries are influenced by combi-
nation of increased intracranial pressure and ventricular dilatation. Additionally, the results of
the study confirmed that not only progressive but also stable ventricular dilatation with
increased intracranial pressure has negative effect on cerebral circulation [12]. On the contrary,
in neonates with stable ventricular dilatation, in which drainage procedure was not necessary,
basal Doppler parameters of blood flow in ACA reached normal values. Similarly, Quinn and
Pople [24] confirmed increase of PI-MCA in children with hydrocephalus who experienced
dysfunction of drainage system. CT examination, however, revealed change of size of the
lateral ventricles only in 10 out of 32 patients. Comparing with stable ventricular dilatation,
results showed increased value of PI-MCA and the presence of clinical manifestations of
dysfunction of drainage system, in which surgical procedure is necessary. When the procedure
had been performed, PI-MCA significantly decreased [24]. However, if intracranial pressure
was not increased in stable ventricular dilatation, resistance index of the cerebral ventricles did
not change either [25].

Not only increase of intracranial pressure and development of ventricular dilatation but also
changes of the cerebral arteries, such as distortion, compression, and stretching may occur in
children with hydrocephalus [26].

The results of the study Kolarovszki et al. [12] on children with hydrocephalus confirmed that
asymmetric ventricular dilatation had significantly influenced values of basal RI-ACA before drain-
age procedure and compressive RI-ACA after it. Statistical analysis showed that values of basal
RI-ACA after drainage procedure and compressive RI-ACA before drainage procedure were not
influenced by asymmetric ventricular dilatation. Asymmetric ventricular dilatation before drain-
age procedure may lead to stretching of the anterior cerebral arteries. When accompanied by
increased intracranial pressure, it results in increase of cerebrovascular resistance and RI-ACA
value. The presumption that asymmetry of the cerebral ventricle has significant impact on
presurgical values of compressive RI-ACA was not confirmed. The authors believe that it was
caused by distribution of range of compressive RI-ACA before drainage procedure. In 36 neo-
nates out of 40 (90%), compressive RI-ACA before drainage procedure reached maximal value of
1.0 regardless asymmetric ventricular dilatation. In normal values of intracranial pressure mea-
sured after drainage procedure, the values of basal RI-ACA were not influenced by asymmetric
ventricular dilatation. In cases with standard values of intracranial pressure in asymmetric
ventricular dilatation, dislocation of the anterior cerebral ventricles may occur without
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significant stretching and change of cerebrovascular resistance. Compression of the anterior
fontanelle in asymmetric ventricular dilatation, which is related to intracranial normotension,
may worsen dislocation of the anterior cerebral ventricles if it is accompanied by increase of
cerebrovascular resistance resulting in compressive RI-ACA. Based on the study and clinical
experience, the authors emphasize the fact that interpretation of Doppler parameters of the
cerebral arteries in pediatric hydrocephalus with asymmetry of cerebral ventricles has to be done
carefully [12].

In neonates with hydrocephalus, besides hydrocephalus itself, the following pathological
changes of the periventricular cerebral tissue may also have negative impact on cerebral
circulation: periventricular leukomalacia and peri- and intraventricular hemorrhage.

Impact of these changes on cerebral circulation and Doppler parameters of the cerebral arteries
should be taken into consideration when assessing hemodynamic parameters of cerebral
circulation in neonates with hydrocephalus in relation to observation of intracranial dynamics
and indication of drainage procedure.

In neonates with hydrocephalus, besides hydrocephalus itself, the following pathological
changes of the periventricular cerebral tissue may also have negative impact on cerebral
circulation: periventricular leukomalacia and peri- and intraventricular hemorrhage. Impact
of these changes on cerebral circulation and Doppler parameters of the cerebral arteries should
be taken into consideration when assessing hemodynamic parameters of cerebral circulation in
neonates with hydrocephalus in relation to observation of intracranial dynamics and indica-
tion of drainage procedure.

The most common cause of periventricular leukomalacia is perinatal infection (e.g., chorioam-
nionitis) and hypoxic-ischemic damage of the brain tissue. Considering various degrees of
maturity of the brain tissue, consequences of hypoxic-ischemic brain injury differ in preterm
neonates and term neonates [27].

In preterm neonates, the periventricular white matter is at higher risk of hypoxia, which leads
to focal or diffuse type of periventricular leukomalacia, while in term neonates, it is the white
matter near the cerebral cortex, in which cortical or subcortical lesions of white matter can be
detected [28].

The cystic leukomalacia lesions do not occur from the moment of primary insult of the brain
tissue, but they develop continuously. At first, hyperechogenicity of the periventricular brain
tissue is confirmed by a sonography. Then cystic lesions are formed during 10-14 days [29].
Pathological changes of structure of the periventricular brain tissue are accompanied by hemo-
dynamic changes. Dysfunction of cerebral autoregulation was confirmed in preterm neonates
with periventricular leukomalacia [30]. Many researchers also confirmed alteration of cerebral
circulation in neonates with periventricular leukomalacia. By means of transcranial Doppler
ultrasonography, Fukuda et al. observed long-term decrease of blood flow velocity within all
major cerebral arteries [31]. In another research on periventricular leukomalacia in neonates with
low birth weight, Fukuda et al. confirmed that blood flow in ICA and VA had decreased a few
days after birth and then between day 21 and 42 [32]. Research by Ilves et al. [33] revealed that
mean velocity of blood flow in ACA, MCA, ICA, and BA had increased in 83 asphyctic term
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neonates due to severe hypoxic-ischemic encephalopathy during first days after asphyxia. How-
ever, increased mean velocity of blood flow in the cerebral arteries was only short term. During
period of 21-59 days, it dropped below standard values of healthy term neonates [33]. Changes
of Doppler parameters of MCA in neonates with hypoxic-ischemic encephalopathy were also
proven by Liu et al. [34]. In children with severe encephalopathy, the values of RI-MCA
were < 0.50 or RI-MCA > 0.90 as a result of change of blood flow velocity in MCA.

To classify intracranial hemorrhage in neonates, the grading scale of Papile, which was created in
1978, is still being used [35]. In the past, it was assumed that the grade IV denotes spread of
subependymal bleeding into the surrounding brain tissue. Nowadays, decrease of venous
drainage and development of venous hemorrhagic infarction are regarded to be the main
triggers of intracranial hemorrhage in neonates [27, 36]. Subsequently, porencephalic cysts
may develop in the site of periventricular venous infarction. In general, higher grades of
intracranial hemorrhage lead to increased risk of severe neurological disorders in children. If
degrees III and IV of intracranial hemorrhage occur in active hydrocephalus, the brain tissue
and cerebral circulation of a neonate are negatively affected by bleeding itself as well as
changes related to intracranial pressure and progressive dilatation of cerebral ventricles. More-
over, there are many extracranial factors, which impact negatively on cerebral circulation,
especially in preterm neonates [37-39].

Peri- and intracranial hemorrhage in neonates leads to dysfunction of regulation of cerebral
circulation including autoregulation. Increased values of resistance index of the cerebral arter-
ies, which were found out in the site of bleeding, are a sign of increased cerebrovascular
resistance and presence of vasoconstriction near hemorrhagic lesions [40, 41]. Various research
studies on neonates with posthemorrhagic hydrocephalus showed positive effect of drainage
procedures, decrease of intracranial pressure, and the improvement of cerebral circulation.

The issue of frequency and appropriate time management of cerebrospinal fluid derivation
during intermittent drainage in neonates with posthemorrhagic hydrocephalus remains open
to debate. Large multicentric studies confirmed very low effect of frequent and early
performed drainage, based on the assessment of size of the cerebral ventricles, in comparison
with a conservative approach [42]. Since one of the prospective goals of intermittent drainage
of cerebrospinal fluid is to prevent dysfunction of cerebral circulation due to increased intra-
cranial pressure, changes of Doppler parameters of cerebral circulation in neonates with
posthemorrhagic hydrocephalus have become a center of attention.

Nishimaki et al. [43] found out values of RI-ACA in children with posthemorrhagic hydroceph-
alus were significantly increased before lumbar puncture or puncture of subcutaneous reservoir.
But after aspiration of 5-10 ml/kg, they significantly decreased [43]. Similarly, Kempley and
Gamsu [44] confirmed decrease of intracranial pressure accompanied by significant increase of
Vmean and decrease of PI-ACA, when cerebrospinal fluid derivation had been performed in
newborn with posthemorrhagic hydrocephalus. Quinn et al. [45] compared impact of increased
intracranial pressure and cerebrospinal fluid derivation on blood flow in ACA and ICV in
neonates with posthemorrhagic hydrocephalus. RI-ACA was significantly increased before
drainage procedure. But afterward, it decreased significantly. Changes of blood flow velocity in
ACA were not accompanied by change of blood flow velocity in ICV [45].
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Maertzdorf et al. [46] observed hemodynamic parameters of ACA and MCA in the Doppler
curve of preterm neonates with intraventricular hemorrhage and posthemorrhagic hydroceph-
alus during early gestation weeks. Aspirations of cerebrospinal fluid from subcutaneous res-
ervoir of the ventricular catheter (type Ommaya) had been performed repetitively. When ICP
before drainage procedure was >6 cm H,O, then Ved and Vmean had increased significantly
after performing aspiration. When ICP was <6 cm H,O, RI-ACA and RI-MCA had decreased.
Value of Vsyst was significantly changing after cerebrospinal aspiration. The results confirmed
good intraindividual correlation between RI-ACA, RI-MCA, and ICP in neonates with
posthemorrhagic hydrocephalus [46]. The use of near-infrared spectroscopy revealed that
cerebrospinal fluid derivation from subcutaneous reservoir lead not only to change of Doppler
parameters of cerebral circulation, especially significant decrease of pulsatility index, but also
to improvement of intravascular oxygenation of cerebral circulation [47, 48].

During assessment of effect of periventricular posthemorrhagic lesions on Doppler parameters
of blood flow in ACA of neonates with hydrocephalus, significant correlation had been found
between periventricular posthemorrhagic lesions and basal RI-ACA and compressive RI-ACA
after drainage procedure. Before drainage procedure, Doppler parameters in ACA were
influenced by increased intracranial pressure and posthemorrhagic lesions [12].

Based on the research, it can be concluded that cerebrospinal fluid derivation in neonates with
posthemorrhagic hydrocephalus leads to improvement of cerebral blood flow. While indicat-
ing and planning derivation of cerebrospinal fluid, changes of Doppler parameters of cerebral
circulation should be taken into account [1] (Figure 1).

Changes of Doppler parameters of the cerebral arteries were found also in cases with dysfunc-
tion of drainage system after surgical revision in children with hydrocephalus.

Pople [49] focused on identification of referential values of PI-MCA in children with hydro-
cephalus with functional internal drainage system (Table 1). The sample included 248 asymp-
tomatic children with hydrocephalus with functional shunt system. They were 1 week to
16 years old. It is known that blood flow velocity in the cerebral arteries increases during
aging. Changes of blood flow velocity in the cerebral arteries are more variable in children,
especially in younger age groups, than in adults. The highest blood flow velocity was mea-
sured between 3 and 4 years of age. Since then it had been gradually decreasing to the level of
values in adults. Pulsatility index had been significantly decreasing during the first 6 months
of age. The lowest value was measured between 2 and 6 years of age. Since then it had been
gradually increasing up to the value of 0.9 in the age of 16. In addition to identification of
referential values of PI-MCA in children with hydrocephalus with functional internal drainage
system, Pople emphasized significant interindividual differences of Doppler parameters and
importance of following the intraindividual trend [49]. In 63 children with hydrocephalus with
dysfunction of drainage system, values of PI-MCA were compared with referential values. It
was found out that increase of PI-MCA determines shunt malfunction with sensitivity of 56%
and specificity of 97%. The values of PI-MCA correlated with intracranial pressure of children
with shunt obstruction [50]. Increased resistance index of the cerebral arteries was also con-
firmed in children with dysfunction of drainage systems [12, 51] (Figure 2).
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Figure 1. Doppler parameters of blood flow in the arteria cerebri anterior in the preterm neonate with posthemorrhagic
hydrocephalus before and after drainage procedure. (a) Basal parameters before drainage procedure (increased RI,
decreased Ved), (b) positive compressive test of the anterior fontanelle before drainage procedure (reverse blood flow
during diastole), (c) basal parameters after drainage procedure (normal values of RI and Ved), and (d) negative compres-
sive test of the anterior fontanelle after drainage procedure. Abbreviations used in the picture: RI, resistance index; Ved,
end-diastolic velocity of blood flow; Vsyst, maximal systolic velocity of blood flow; PI, pulsatility index; Vmean, mean
velocity of blood flow (figure—author).

Age Vsyst (cm/s) (mean) Ved (cm/s) (mean) Vmean (cm/s) (mean) Pulsatility index (mean) Number
(n =248)

0-3 months ~ 19-107 (63) 3-43 (23) 8-64 (36) 0.83-1.62 (1.23) 16

4-6months  40-124 (82) 18-50 (34) 25-73 (49) 0.77-1.26 (1.01) 11

7-12 months  25-165 (95) 7-71 (39) 14-110 (62) 0.67-1.20 (0.94) 15

1-2 years 58-166 (112) 28-84 (56) 47-113 (75) 0.66-1.02 (0.82) 26

2-6 years 62-170 (116) 28-92 (60) 42-122 (82) 0.48-0.99 (0.74) 77

6-10 years 47-155 (101) 23-79 (51) 37-107 (67) 0.55-1.00 (0.77) 61

10-16 years ~ 37-153 (95) 20-72 (56) 24-96 (60) 0.59-1.22 (0.89) 42

Table 1. Referential values of PI-MCA in children with hydrocephalus with functional internal drainage system [49].
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Figure 2. Dysfunction of ventriculoperitoneal shunt in the child with hydrocephalus. Manifestation of fistula and subcu-
taneous cerebrospinal fluid accumulation. CT image shows the dislocation of ventricular catheter from the intracranial
space, fistula, and subcutaneous cerebrospinal fluid accumulation (figure—author).

Assessment of cerebral circulation by transcranial Doppler sonography can be used not only to
observed functions of shunts but also ventriculostomy of the third cerebral ventricle. Vajda
et al. [52] found out that PI-MCA significantly decreased in children with obstructive hydro-
cephalus after successful ETV. The difference was not statistically significant when they com-
pared PI-MCA measured immediately after ETV with value measured in the fifth day after
surgery. Effect of ventriculostomy was confirmed by assessment of cerebrospinal fluid flow
using cine-phase MRI examination. Clinical symptomatology improved immediately after the
procedure in 17 out of 22 patients. No correlation between PI-MCA and age or gender of
children in the sample of patients was found. The results showed importance of Doppler
sonography for observation of ETV functioning in the early postsurgical period [52].

In addition to increased resistance index of the cerebral arteries, vascular reactivity malfunc-
tion to p,CO, change was detected in children with active hydrocephalus before drainage
system insertion and in dysfunction of drainage system. When drainage system was inserted
and dysfunctional shunt revised, resistance index decreased significantly. Then cerebrovascu-
lar reactivity to p,CO, change had been improved and that also led to functional cerebral
circulation and regulation change [53].

Taylor et al. [54] used compressive test on the anterior fontanelle during transcranial Doppler sonog-
raphy examination in children with abnormal intracranial compliance. They studied basal values
of RI-ACA and change of RI-ACA during the compressive test (Figure 3). The change was
expressed as percentage difference in contrast to basal value. The basal values of RI-ACA of
preterm neonates and neonates with abnormal intracranial compliance were significantly increa-
sed when compared to basal values of healthy term neonates. Only slight change of RI-MCA was
observed in healthy preterm neonates and healthy term neonates during compression on the
anterior fontanelle. However, RI-MCA was significantly increased in neonates with abnormal
intracranial compliance. Basal values of RI-MCA were increased in neonates with increased
intracranial pressure. Hemodynamic reaction of the cerebral vessels to compression of the ante-
rior fontanelle had improved after drainage of cerebrospinal fluid. Compression test on the
anterior fontanelle during transcranial Doppler sonography examination can help to detect
alteration of intracranial compliance before increase of intracranial pressure. This is manifested
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Figure 3. The compression test on the anterior fontanelle. (A) Compression by the sonographic probe and (B) the Doppler
curve of the anterior cerebral artery [53].

by increased basal values of resistance index. The study showed possibility of indirect noninva-
sive measurement of intracranial compliance and intracranial pressure by transcranial Doppler
sonography [54]. In another study, Taylor et al. [36] assessed hemodynamic reaction of the
anterior cerebral artery during compressive test on the anterior fontanelle in neonates with
hydrocephalus. The research was performed by means of compressive test. It revealed significant
increase of RI-ACA in neonates who were indicated for drainage procedure and in which
increased intracranial pressure was confirmed by direct measurement [36].

Westra et al. [55] also dealt with the use of compressive test on the anterior fontanelle in
children with hydrocephalus. They confirmed significantly increased basal and also compres-
sive values of RI-ACA in children hydrocephalus with increased intracranial pressure. Signif-
icant decrease of basal and compressive values of RI-ACA was found out when drainage
procedure had been performed. Based on the results, they defined the boundary value of 0.70
for basal RI-ACA and 0.90 for compressive RI-ACA [55].
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Gera et al. [56] focused on assessment of Doppler parameters of the anterior cerebral artery in
relation to drainage procedure indication and change of measured Doppler parameters after
drainage procedure. In children indicated for drainage procedure, they found out significantly
increased value of basal RI-ACA and RI-ACA during compressive test. But after drainage
procedure, the value of basal RI-ACA and compressive RI-ACA significantly decreased [56].

Change of Doppler parameters indicates increase of intracranial compliance after drainage
procedure. However, no correlation between ICP and RI-ACA (both basal and compressive)
was found. The researchers believe that it is caused by complexity of the relationship between
ICP and RI and potential nonlinearity of the relationship. During observation of RI-ACA in
children with hydrocephalus in relation to indication of drainage procedure, the following
values of basal RI-ACA were found out: sensitivity of 72.5%, specificity of 80%, and diagnostic
accuracy of 75%. Assessment of RI-ACA by compressive test on the anterior fontanelle showed
sensitivity of 75%, specificity of 100%, and diagnostic accuracy of 83.3%. False negativity in
assessment of basal and compressive RI-ACA was the same (25%). Table 2 presents compari-
son of the role of assessment of hemodynamic parameters of the cerebral arteries by Doppler
sonography during compressive test in children with hydrocephalus and indication of drain-
age system.

The compressive test on the anterior fontanelle increases sensitivity and specificity of resis-
tance index and pulsatility index in regard to indirect measurement of increased intracranial
pressure and decreased intracranial compliance in children with hydrocephalus. On the other
hand, results of the compressive test require more careful assessment of effect of intra- and
extracranial factors on cerebral circulation because their influence on compressive values is
more significant than effect on basal values. Pressure applied to the anterior fontanelle during
compressive test is defined within the range 0-200 g/cm?. The pressure can gradually increase
when using an ophtalmodynamometer [54]. When using a sonographic probe, shape (linear or
convex) and size of a probe and pressure, which will be created by a doctor, need to be taken
into consideration. Therefore, if a child was indicated for sonographic examination, it should
be performed by the same doctor and the same probe. Regarding indirect measurement of
intracranial hypertension and intracranial compliance, false positivity of compressive test can
be found in preterm neonates who require intensive care (instability of extracranial factors), in
severe stages of intra- and periventricular hemorrhage and ventricular dilatation. False nega-
tivity of compressive test can be caused by liquorea, subcutaneous cerebrospinal fluid fistula,
or small size of the anterior fontanelle [12].

Although transcranial Doppler sonography has been used more than 30 years to assess Dopp-
ler parameters of cerebral circulation, interpretation of parameters in the Doppler curve of the

Taylor [57] (%) Westra et al. [55] (%) Gera et al. [56] (%)
Sensitivity 45 81 75
Specificity 95 100 100

Table 2. The role of assessment of hemodynamic parameters of the cerebral arteries by Doppler sonography during
compressive test in children with hydrocephalus and indication of drainage system.
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cerebral arteries, intracranial pressure, intracranial compliance, and cerebral hemodynamics in
children with hydrocephalus remains to be an open topic. On the one side, results of various
studies showed possibility of indirect noninvasive assessment of intracranial pressure and
compliance by means of transcranial Doppler sonography. On the other hand, results showed
limitations and difficulties when assessing Doppler parameters of cerebral circulation in chil-
dren with hydrocephalus. When assessing relation between intracranial pressure, resistance
index, and pulsatility index of the cerebral vessels, wide range of factors, which can change
shape and properties of the Doppler curve, need to be taken into consideration. Behrens et al.
[58] used a mathematical model of cerebrospinal fluid circulation, which confirmed that
relation between ICP and PI-MCA is significantly influenced by vascular compliance,
autoregulation, and arterial pressure. They believe that individual variability of these physio-
logical parameters is responsible for inaccurate reference of ICP value [58]. Similarly, Hanlo
et al. [59] confirmed decreased resistance index and pulsatility index of the cerebral vessels
measured in children with progressive hydrocephalus after drainage procedure. However,
during longitudinal simultaneous ICP/transcranial Doppler sonography monitoring, correla-
tion between ICP, RI, and PI was very weak. Based on the results, which showed wide range of
referential Doppler parameters of cerebral circulation and impact of extracranial factors,
authors of this study believe that pulsatility index and resistance index of the cerebral vessels
do not help in assessment of intracranial dynamics in patients with increased intracranial
pressure [59].

This inconsistency of results on assessment of relationship between RI and PI of the cerebral
vessels, and intracranial pressure has led to research of more accurate noninvasive parameters
of intracranial pressure. Hanlo et al. [59] presented new Doppler index known as trans-systolic
time. The results confirmed that trans-systolic time of the cerebral arteries in the Doppler curve
is less influenced by other factors (e.g., heart rate) and is more accurate for comparison of ICP,
RI, and PI changes [60]. Also, Leliefeld et al. [61] confirmed significant correlation between
trans-systolic time and ICP. Despite these positive results, assessments of trans-systolic time of
the cerebral arteries are not used for noninvasive measurement of intracranial pressure. It
might be caused by a lack of referential range in children population and lack of experience
with use in clinical practice [61]. In another study, Leliefeld et al. [62] dealt with possibility to
use MRI examination of cerebral circulation for indirect measurement of intracranial pressure.
They found out that standard values of blood flow velocity in the brain and low values in ADC
map were referred to compensated hydrocephalus without a need of drainage procedure.
They claim that noninvasive changes of cerebral circulation by MRI examination enable to
distinguish the cases of compensated children with hydrocephalus with standard intracranial
pressure without a need of drainage procedure from the cases of gradually progressive hydro-
cephalus with a need of drainage surgery [62].

Galarza and Lazareff [63] focused on clinical validity of transcranial Doppler sonography in
children with various types of hydrocephalus. The study showed that values of PI-MCA and
RI-MCA were significantly higher in progressive hydrocephalus with a need of drainage
procedure. On the other hand, RI-MCA and PI-MCA were not increased, and blood flow
velocity in MCA was not decreased in the cases with compensated hydrocephalus (also known
as arrested hydrocephalus) and ventriculomegaly (or essential ventriculomegaly). The results
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showed importance of transcranial Doppler sonography for indication of drainage procedure
in children with hydrocephalus. However, the authors emphasize the importance of individual
and careful assessment of Doppler parameters of cerebral circulation regarding children
hydrocephalus in clinical practice [63].

Rodriguez-Nufiez et al. [64] confirmed the role of clinical manifestations of intracranial hyper-
tension, radiological morphometric parameters of the brain (Evans’ index), biochemical
parameters of cerebrospinal fluid (level of hypoxanthine, xanthine, and urea acid), and Dopp-
ler parameters of the cerebral circulation during assessment of children hydrocephalus and
indication of drainage procedure [64].

Based on the results of the works of several authors, it seems that optic nerve sheath diameter
(ONSD) ultrasonography could be a good noninvasive method for the indirect detection of
raised intracranial pressure [65-68].

The study of Ragauskas et al. [69] compared the diagnostic reliability of optic nerve sheath
diameter ultrasonography with a transcranial Doppler sonography and the absolute values of
intracranial pressure in neurological patients. The authors of this study found that the nonin-
vasive ICP measurement method based on two-depth transcranial Doppler technology has a
better diagnostic reliability on neurological patients than the ONSD method when expressed
by the sensitivity and specificity for detecting elevated ICP >14.7 mmHg [69]. Tarzamni et al.
[70] analyzed the diagnostic accuracy of ultrasonographic ONSD measurement and color
Doppler indices of the ophthalmic arteries in detecting elevated intracranial pressure. While
the ultrasonographic mean binocular ONSD was completely accurate in detecting elevated
ICP, color Doppler indices of the ophthalmic arteries were of limited value [70].

Based on the recent literature, it seems to be a good idea to use sonographic methods, optic
nerve sheath diameter ultrasonography and transcranial Doppler sonography for the nonin-
vasive detection of intracranial hypertension. Further research for the application in clinical
practice in pediatric hydrocephalus is needed.

3. Conclusion

Based on the clinical experience and scientific research on pediatric hydrocephalus, we can
summarize the role of transcranial Doppler sonography in assessment of cerebral circulation
and intracranial dynamics of pediatric hydrocephalus as follows:

1. Assessment of Doppler parameters of cerebral circulation before drainage procedure in
children with hydrocephalus revealed alteration of cerebral circulation which is poten-
tially reversible. Doppler sonography showed the improvement of cerebral circulation
after the drainage procedure in pediatric hydrocephalus.

2. Results of compressive test on the anterior fontanelle increase validity of assessment of
cerebral circulation by transcranial Doppler sonography and enable indirect assessment of
decrease of intracranial compliance. Increase of basal Doppler parameters shows increase
of intracranial pressure.
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3. While interpreting Doppler parameters of cerebral circulation measured in a child with
hydrocephalus, it is important to assess impact of both intra- and extracranial factors on
cerebral circulation. Then it is possible to say to which extent Doppler parameters show the
real value of intracranial pressure and intracranial compliance. The results showed that
asymmetric dilatation of the lateral cerebral ventricles and posthemorrhagic periventricular
lesions influence Doppler parameters of cerebral arteries both in intracranial hypertension
and normotension.

4. The results show that the Doppler parameters of cerebral arteries in active hydrocephalus
are not increased due to dilatation of cerebral ventricles but increased intracranial pressure.

5. Assessment of Doppler parameters of blood flow in cerebral arteries in children with
hydrocephalus with functional drainage system or ETV revealed standard range of values.
On the other hand, the values of Doppler parameters increased in the shunt-dependent
children with dysfunctional drainage system or ETV, even though the cerebral ventricles
enlarged slightly or maintained the same size. After successful revision surgery, the value
of Doppler parameters dropped down to standard range.

6. Assessment of cerebral circulation by transcranial Doppler sonography in children with
hydrocephalus can be easily performed by an accessible, indirect, noninvasive, bedside,
and repetitive measurement of intracranial pressure and intracranial compliance. Regard-
ing complexity of intracranial dynamics, relationship between intracranial pressure and
Doppler parameters of the cerebral arteries, individual assessment of measured Doppler
parameters, as well as assessment of effect of extra- and intracranial factors to cerebral
circulation should be performed in each case of pediatric hydrocephalus. If the results are
not clear, examination should be repeated, and intraindividual tendency should be
observed in the child. It is important to design and follow detailed methodology of
sonographic examination and include it into the report of assessment of intracranial
dynamics in the child with hydrocephalus.

7. Clinical applications of transcranial Doppler sonography in pediatric hydrocephalus are as
follows:

* Indication and timing of drainage procedure;

*  Monitoring of effectivity of drainage procedure—internal drainage systems (shunts),
ETV, external ventricular drainage, and cerebrospinal fluid derivation from subcutane-
ous reservoir (determination of frequency and amount of aspired cerebrospinal fluid);

*  Monitoring of function and detection of malfunction of external and internal drainage
systems and ETV;

¢ Assessment of the dependence of the child on drainage system (shunt-dependence)—
important for indication of external ventricular drainage or subcutaneous reservoir
conversion on internal drainage system (shunt) or ETV, need for a revision of dys-
functional drainage system.

To sum up, it can be said that including assessment of cerebral circulation by transcranial
Doppler sonography into management of child with hydrocephalus provides additional
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information to clinical manifestations and morphological results of imaging studies. This helps
better understand intracranial dynamics and activity of hydrocephalus in regard to indication
and timing of drainage procedure.
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Abstract

Metastatic tumor blood perfusion and interstitial fluid transport based on 3D microvas-
culature response to inhibitory effect of angiostatin are investigated. 3D blood flow, inter-
stitial fluid transport, and transvascular flow are described by the extended Poiseuille’s,
Darcy’s, and Starling’s law, respectively. The simulation results demonstrate that angio-
statin has the capacity to regulate and inhibit the formation of new blood vessels and has
an obvious impact on the morphology, growth rate, and the branches of microvascular
network inside and outside the metastatic tumor. Heterogeneous blood perfusion, wide-
spread interstitial hypertension, and low convection within the metastatic tumor have
obviously improved under the inhibitory effect of angiostatin, which suits well with the
experimental observations. They can also result in more efficient drug delivery and pen-
etration into the metastatic tumor. The simulation results may provide beneficial infor-
mation and theoretical models for clinical research of antiangiogenic therapy strategies.

Keywords: blood perfusion, interstitial transport, metastatic tumor, angiostatin,
3D simulation

1. Introduction

Cancer is the second leading cause of mortality worldwide [1], right behind cardiovascular
disease. Metastatic tumors, the ultimate causes of death for the majority of cancer patients, are
the important biological characteristics of malignant tumors. Metastasis occurs when cancer
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cells spread from a primary tumor to distant and vital organs (secondary sites) in human body.
Angiogenesis is necessary for tumor growth, invasion, and metastasis [2], since it supplies
the nutrients and oxygen for continued tumor growth. The neovascularization accelerates the
growth of tumor while simultaneously offering an initial route by which cancer cells can escape
from a primary tumor to form metastatic tumor. Cancer cells migrate into the blood stream
and surrounding tissues via microcirculation, then continue to grow giving rise to metastases
[3]. The blood perfusion and interstitial fluid flow have been recognized as critical elements
in metastatic tumor growth and vascularization [4]. However, tumor vessels are dilated, sac-
cular, tortuous, and heterogeneous in their spatial distribution. These abnormalities result in
heterogeneity of blood flow and elevated interstitial fluid pressure (IFP), which forms a physi-
ological barrier to the delivery of therapeutic agents to tumors [5]. Abnormal microvasculature
and microenvironment further lowers the effectiveness of therapeutic agents.

Experimental research showed that the primary tumor in the Lewis lung model system was
capable of generating a factor which was named angiostatin later suppressing the neovas-
cularization and expansion of tumor metastases [6]. Angiostatin is a 38-kD internal peptide
of plasminogen, which is a potent inhibitor of angiogenesis in vivo, and selectively inhibits
endothelial cell (EC) proliferation and migration in vitro. Tumor cells express enzymatic
activity which is capable of hydrolyzing plasminogen to generate angiostatin [7]. Angiostatin
is then transported and accumulated in the blood circulation in excess of the stimulators and
thus inhibiting angiogenesis of a metastatic tumor. Angiostatin, by virtue of its longer half-life
in the circulation [8], reaches the vascular bed of metastatic tumor. As a result, growth of a
metastasis is restricted by preventing and inhibiting angiogenesis within the vascular bed of
the metastasis itself. A schematic diagram of this process is given in Figure 1. Indeed, anti-
angiogenic treatments directly targeting angiogenic signaling pathways as well as indirectly
modulating angiogenesis show normalization of tumor microvasculature and microenviron-
ment at least transiently in both preclinical and clinical settings.

In spite of several mathematical models of metastatic tumors, there appears to be little in the lit-
erature by way of mathematical modeling of the mechanisms of antiangiogenic activity of angi-
ostatin on blood flow and interstitial fluid pressure in a metastatic tumor. Liotta et al. [9] first
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Figure 1. Schematic representation of angiostatin transported from a fully vascularized primary tumor to its relation to
a distant secondary tumor.
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developed an experimental model to quantify some of the major processes initiated by tumor
transplantation and culminating in pulmonary metastases. The study suggested that “dynam-
ics of hematogenously initiated metastases depended strongly on the entry rate of tumor cell
clumps into the circulation, which in turn was intimately linked to tumor vascularization.”
Later in the study, Liotta et al. [9] confirmed their former observation and raised the idea that
“larger clumps produce significantly more metastatic foci than do smaller clumps matched for
the number of cells.” Saidel et al. [10] proposed a lumped-parameter, deterministic model of
the hematogenous metastatic process from a solid tumor, which provided a general theoretical
framework for analysis and simulation. Numerical solutions of the model were in good agree-
ment with their experimental results [9]. The possibilities of anti-invasion and antimetastatic
strategies in cancer treatment have bestowed an added preponderance with the keen interest in
themathematical modeling in the areas of tumor invasion and metastasis. Orme and Chaplain [11]
presented a simple mathematical model of the vascularization and subsequent growth of a
solid spherical tumor and gave a possible explanation for tumor metastasis, whereby tumor
cells entered the blood system and secondary tumor may rise with the transportation func-
tion of blood. Sleeman and Nimmo [12] modified the model of fluid transport in vascular-
ized tumors by Baxter and Jain [13] to take tumor invasion and metastasis into consideration.
Although these models did provide some features of tumor metastasis and interstitial fluid
transportation such as perturbation analysis, they lacked in providing more detail information
of metastatic tumor and as such were of limited predicted value. More realistic models of metas-
tasis and interstitial fluid transportation were developed to better understand its mechanism.
Anderson et al. [14] presented a discrete model from the partial differential equations of the
continuum models which implied that haptotaxis was important for tumor metastasis. Iwata
et al. [15] proposed a partial differential equation (PDE) that described the metastatic evolution
of an untreated tumor, and its predicted results agreed well with successive data of a clini-
cally observed metastatic tumor. Benzekry et al. [16] proposed an organism-scale model for the
development of a population of secondary tumors that takes into account systemic inhibiting
interactions among tumors due to the release of a circulating angiogenesis inhibitor. Baratchart
et al. [17] derived a mathematical model of spatial tumor growth compared with experimental
data and suggested that the dynamics of metastasis relied on spatial interactions between meta-
static lesions. Stéphanou et al. [18] investigated chemotherapy treatment efficiency by perform-
ing a Newtonian fluid flow simulation based on a study of vascular networks generated from
a mathematical model of tumor angiogenesis. Wu et al. [19] extended the mathematical model
into a 3D case to investigate tumor blood perfusion and interstitial fluid movements originat-
ing from tumor-induced angiogenesis. Soltani and Chen [20] first studied the fluid flow in a
tumor-induced capillary network and the interstitial fluid flow in normal and tumor tissues.
The model provided a more realistic prediction of interstitial fluid flow pattern in solid tumor
than the previous models. Some related works have been done on tumor-induced angiogenesis,
blood perfusion, and interstitial fluid flow in the tumor microenvironment by using 2D math-
ematical methods [5, 21-23]. In spite of the valuable body of work performed in simulation of
blood perfusion, interstitial fluid flow, and metastasis, previous studies have not examined
blood perfusion and interstitial fluid pressure in the metastatic tumor microcirculation based
on the 3D microvascular network response to the inhibitory effect of angiostatin which plays a
significant role in suppressing tumor growth and metastasis.
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Metastatic tumor blood perfusion and interstitial fluid transport based on 3D microvascula-
ture response to inhibitory effect of angiostatin are investigated for exploring the suppression
of metastatic tumor growth by the primary tumor. The abnormal geometric and morpho-
logical features of 3D microvasculature network inside and outside the metastatic tumor,
and relative complex and heterogeneous hemodynamic characteristics in the presence and
absence of angiostatin can be studied in the 3D case. The simulation results may provide
beneficial information and theoretical basis for clinical research on antiangiogenic therapy.

2. 3D mathematical models

2.1. Metastatic tumor angiogenesis

3D mathematical model we present in this section originates from the previous 2D tumor
antiangiogenesis mathematical model [5, 21] describing how capillary networks form in a met-
astatic tumor in response to angiostatin released by a primary tumor. The conservation equa-
tion of endothelial cells (EC) indicates the migration of EC influenced mainly by four factors:
random motility, inhibitory effect of angiostatin, chemotaxis, and haptotaxis. Subsequently,
from a discretized form of the partial differential equations governing endothelial-cell motion,
a discrete biased random-walk model will be derived enabling the paths of individual endo-
thelial cells located at the sprout tips, and hence the individual capillary sprouts, to be fol-
lowed. Hence, realistic capillary network structures were generated by incorporating rules for
sprout branching and anastomosis. The generated microvascular network inside and outside
the metastatic tumor in the presence of angiostatin and in the absence of angiostatin is shown
in Figure 2. General morphological features of the network such as growth speed, capillary
number, vessel branching order, and anastomosis density in/outside the metastatic tumor are
consistent with the physiologically observed results, which indicate that angiostatin secreted
by the primary tumor dose has an inhibitory effect on metastatic tumor [5, 11].

2.2. Blood perfusion

To calculate blood flow through a given 3D microvascular network of interconnected capil-
lary elements to the metastatic tumor, assuming flux conservation and incompressible flow at
each junction where the capillary elements meet

6
r; Q{;m/) ’ B(”l,m,j) =0 (1)
where B, takes the integer 1 or 0, representing the connectivity between node (,m,j) and its

adjacentnode . Q; is the flow rate fromnode (, m, j) tonode » and is givenby @, - = Q' -qQ;,

where @' s the vascular flow rate without fluid leakage, described locally by Poiseuille’s law
nRr?(pv,(l,m,j) “Pow)
Qlumy =8y AL (2)

and @/, is the transvascular flow rate, following Starling’s law

2)
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d t=3 days e = Tdays =14 days

Figure 2. The spatiotemporal dynamic growth of 3D microvascular networks inside and outside the metastatic tumor:
(a—c) in the presence of angiostatin; (d—f) in the absence of angiostatin.

er,l(l/m,j) = 2an A Ln ’ va (ﬁ z,(l,m,j) P Z(I,m,j)) U T[i)] 3)

where p, - and p, =~ are the intravascular pressure of node (i, m, j) and node »; P is the mean
pressure in vascular element (,m,j); p7, - is the mean interstitial pressure outside of vascular
element (, m,j). u, R, and AL are the blood viscosity, radius, and length of the vessel element »,
respectively; L is the hydraulic permeability of vascular wall; ¢, is the average osmotic reflec-
tion coefficient for plasma proteins; = and = are the colloid osmotic pressure of plasma and

interstitial fluid.

2.3. Interstitial flow in metastatic tumor

Considering the metastatic tumor tissue as an isotropic porous medium, its interstitial flow is
modeled by Darcy’s law [24]:

u, = —kVp, (4)

where « is the interstitial fluid velocity; « is the hydraulic conductivity coefficient of the inter-
stitium; p is the interstitial pressure.

The continuity equation is given by:

71



72

Highlights on Hemodynamics

Veu, = ¢,-9, ©)

LS L. SL .
where ¢ = ——p,~p,~0m, -y is the fluid source term leaking from blood vessels. ¢, =——p-p, is
the lymphatic drainage term, which is proportional to the pressure difference between the inter-
stitium and the lymphatics.

Mass conservation at each junction where the interstitial fluid pressure satisfies equation:

0(2

Vip, = @i~ P.) B ©)

where p = (L Sp -0 -m))+L, S p)/(L, S +L,S) is the effective pressure and a = Ry[(L, S, +L, §)/xV
is the ratio of interstitial to vascular resistances to fluid flow. L  is the hydraulic permeability
of lymphatic vessel wall. s /v and s /v are the surface areas of blood vessel wall and lymphatic
vessel wall per unit volume of tissue. In the model, L, S/V is assumed zero for tumor tissue,
and given a uniform value for normal tissue referring to Baxter and Jain [13]. The continuity
of pressure and flux on the interconnected boundary between the tumor and normal tissue
Lip|. = plw =% Vp|. = —%,Vp|,., , and x_ are the hydraulic conductivity coefficients of nor-
mal tissue and tumor tissue, respectively.

Table 1 shows the values of the parameters used in the microcirculation simulations.

Parameter Name Value Parameter Name Value
a? Average osmotic 8.7x107, K Hydraulic conductivity =~ 2.5x 107 cm?/mmHg s
reflection coefficient for 091,, coefficient of interstitium 25x107, cm?/mmHg s

plasma proteins

s Colloid osmotic 198, mmHg (Sv)a Surface area per unit 50, cm™

pressure of plasma 20. mmH. volume for transport in 50. cm-!

N & interstitium N
L
p.c Lymphatic pressure 0.5, mmHg %SLC Absorption capacity of 0, 1/mmHgs
lymphatic system 10x10%, 1/mmHg s

n? Colloid osmotic 173, mmHg L Hydraulic permeability =~ 1.86 x 10 cm/mmHg s

pressure of interstitium 10, mmHg of vascular wall 3.6x10*, cm/mmHg s
ue Blood viscosity 1.0 cP

Jain et al. [5].

*Stephanou et al. [18].

<Zhao et al. [25].

Subscript “N” and “T” represents the values in normal and tumor tissues, respectively.

Table 1. Baseline parameter values used in the simulations.

3. Simulation results

3.1. 3D blood perfusion of metastatic tumor

We simulated the evolution of blood flow pressure in the presence/absence of angiostatin
for 14 days representing the typical timescale for tumor vasculature to grow. Figure 3 shows



3D Numerical Study of Metastatic Tumor Blood Perfusion and Interstitial Fluid Flow Based...
http://dx.doi.org/10.5772/intechopen.78949

L
i 19

¢ t=14 days

Pl

1}
1 10

d t=3 days e t=Tdavs

Figure 3. Simulations of blood pressure through 3D microvascular networks over time: (a—c) example simulation with
angiostatin; (d—f) example simulation without angiostatin. Simulation domain is [0, 1] x [0, 1] x [0, 1]. Blood enters the
networks at the end of the parent vessel (x = 0,y = 0,z = 0.5), distributes throughout the capillary network, leaves
from the end of the parent vessel (x = 0,y = 1,z = 0.5).

the snapshots of the pressure profiles of blood flow through each vessel segment in a three-
dimensional microvascular networks. We keep the inlet pressure and outlet pressure across
parent vessel fixed at 25 and 16 mmHg [25] in the simulation, in accordance with physiologi-
cal values at the capillary scale. Figure 3 highlights a direct comparison of blood pressure
distributions (Figure 3a—c shows the blood pressure distribution in the presence of angio-
statin, Figure 3d—f shows the blood pressure distribution in the absence of angiostatin). We
observe that the overall blood pressure is higher in the presence of angiostatin than that
in the absence of angiostatin over the same growth duration. The blood flow distribution
is complex and chaotic which makes the variety of blood pressure small in the interior of
the metastatic tumor compared to its exterior, contributing to the difficulties of efficient
drug delivery in metastatic tumor. In the presence of angiostatin, the pressure-flows within
some of the daughter vessels are elevated from the branching points to the metastatic tumor
surface which provides effective blood perfusion and thus efficient therapeutic agents to
the tumor. The simulation results indicate that blood perfusion varies significantly with
the complex and chaotic three-dimensional microvascular networks inside and outside the
metastatic tumor. The poor blood perfusion can be improved through the increased intra-
vascular pressure with the presence of angiostatin. These results suggest that the inhibitory
effect of angiostatin can affect the distribution of blood flow pressure and improve drug
delivery to tumor.
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3.2. 3D interstitial fluid flow of metastatic tumor

Figure 4 shows the distribution of interstitial fluid pressure (IFP) within the metastatic tumor
under the two mentioned situations. From the simulation results, we obtain that maximum IFP
near the tumor center significantly dropped from 3.3, 11.48, and 11.53 to 0, 4.7, and 10.3 mmHg

at=3 days d t=3 days

fi=14 days

Figure 4. Interstitial fluid pressure distributions within the metastatic tumor: (a—c) in the presence of angiostatin; (d—f)
in the absence of angiostatin on the same other conditions.
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with the presence of angiostatin at t =3, 7 and 14 days, respectively, which indicated the IFP
plateau is well relieved. As the growth days increase, IFP gradually elevates throughout the
3D metastatic tumor and the high pressure zone is at the center of the tumor and diminishes
to the periphery and later becomes flatter. Comparing Figure 4a-c to Figure 4d-f, we come to
conclude that angiostatin decreases the high IFP in the tumor, thus with the lower transvascu-
lar pressure in the 3D heterogeneous capillary networks, leading to an significantly improved
situation for interstitial convection which plays a significant role in nonuniform distribution
of drug delivery to the metastatic tumor. These results provide important references for cancer
prevention and treatment. Furthermore, antiangiogenic therapies can normalize tumor vascu-
lature and microenvironment, at least transiently in both preclinical and clinical settings [5].

4, Conclusion

The inhibitory effect of angiostatin on the growth of metastatic tumor has been observed in
some clinical and experimental malignancies. In this chapter, we develop three-dimensional
mathematical models describing the metastatic tumor microvasculature and microenvironment
to investigate the inhibitory effect of antiangiogenic factor angiostatin secreted by the primary
tumor on metastatic tumor angiogenesis, blood perfusion, and interstitial fluid flow. Simulation
results demonstrate that angiostatin has an obvious impact on the morphology, expansion speed,
capillary number, and vessel branching order inside and outside the metastatic tumor. 2D and
3D mathematical models of tumor antiangiogenesis predict similar morphological behavior,
such as vessels’ length, branching patterns, anastomosis density, or geometric distribution, for
metastatic tumor angiogenesis under the inhibitory efficiency of angiostatin. However, capil-
lary number and microvascular density due to space growth of vessel networks are increased
in the 3D model. Furthermore, the simulations reflect the influences of heterogeneous blood
perfusion, widespread interstitial hypertension, and low convection within the 3D metastatic
tumor by carrying out a comparative study relating to the inhibitory effect of angiostatin. We
find that 2D antiangiogenesis model may be well suited to studying morphological behavior
of vessel networks in the metastatic tumor, but 3D antiangiogenesis model can better analyze
blood perfusion, interstitial fluid flow, or oxygen and nutrient transport within the metastatic
tumor microenvironment based on its more realistic 3D microvascular networks. Although
3D simulation results are consistent with the experimental observed facts and can provide
more detailed space information, however, angiogenesis and hemodynamics in the metastatic
tumor by the antiangiogenic therapy are very complex. To further research tumor angiogenic
mechanisms and help to improve antiangiogenic cancer therapy, more realistic features and
complex biology factors need to be incorporated within the 3D model, such as the anatomy
and physiology of the metastatic tumor, drug delivery of antiangiogenic therapy, behaviors of
cells adhesion and interaction and coupled with the various factors or other therapy strategies.
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