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Abstract

Background: Fractal analysis has been shown to be capable of characterizing irregular time
series generated in non-linear systems. Fluctuations in skin flow signals have a fractal nature,
but to date there has been no analysis of subjects with hypertension. The aim of this study is to
assess the fractal dimensions of skin microcirculation flows in subjects with a familial predis-
position or newly diagnosed hypertension.

Methods: A four-minutes rest flow (RF), minimal flow (BZ) during three-minutes ischemia
and eight-minutes heat flow (HF) were vecorded (using laser Doppler flowmetry) in patients
with untreated hypertension, and in normotensives with no [NT(=)] or with a familial predis-
position to hypertension [NT(+)]. Average one-minute surface areas under the curve of flow
records and box dimensions (D) were calculated. Anova Kruskall-Wallis, i statistic and
multivariate reverse regression analysis were used for calculation.

Results: We studied 70 people (average age 36.1 + 10.3 years, 39 men). Hypertensives (n = 31)
had significantly higher values of both clinical blood pressure and 24-hour ambulatory blood
pressure, body mass index, glucose, triglycerides and insulin than the NT(-), (n = 17) and
NT(+), (n = 22) groups. Mean values of flows and surface area under the curve of RF, BZ,
HF records, D RF and D HF were comparable in studied groups, but D BZ differed (1.13 +
+ 0.05vs 1.15 = 0.05 vs 1.11 = 0.05, respectively; p = 0.04). A family history of hypertension,
insulin level and variability of 24-hour diastolic blood pressure were significant predictors of
D BZ lower values in the multiple regression model.

Conclusions: Subjects with a familial predisposition to hypertension reveal altered homeo-
dynamics of microvascular flow, with diminished chaotic ischemic flow. (Cardiol J 2011; 18,
1: 26-32)
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Introduction

Blood flow shows pronounced temporal vari-
ability which is a consequence of local changes in
vasomotor activity, cardiac pulsations, vasomotion
and the influence of the autonomic system on vas-
cular tone [1, 2]. Skin flowmotion may be simply
recorded by laser Doppler flowmetry (LDF). Inter-
preting LDF signals behavior has mainly involved
using simple indices such as mean and standard
deviation of flux [3]. However, flow oscillations, as
with many physiological parameters, reveal non-lin-
ear instabilities, which may be better characterized
by other methods. These so-called ‘homeodyna-
mics’ [4] of LDF signals have been investigated us-
ing frequency domain methods based on the Fouri-
er transform [5] and wavelet analysis [6]. Fluctua-
tion of LDF signals has been also assessed by fractal
analysis [7, 8]. That technique has been proven ca-
pable of characterizing irregular time series gen-
erated in non-linear systems, and may provide more
valuable physiological insights than standard linear
statistical measures [9]. Furthermore, it has been
suggested that fractal models give the best descrip-
tion of reality [10]. A defining feature of healthy
function is adaptability, the capacity to respond to
unpredictable stimuli and stresses [11]. Fractal
physiology may be adaptive; the absence of a char-
acteristic scale inhibits the emergence of highly
periodic behaviors, which would greatly narrow
functional responsiveness.

Very many different types of fractal dimension
have been described [12], but many are only appli-
cable to pure mathematical fractal objects. The three
most commonly used methods in biological science
are the box-counting dimension [13], the perimeter
stepping (or divider) dimension [14] and the pixel
dilation method [15]. The fractal dimension of time
series may also be determined by dispersional ana-
lysis [8]. The box-counting dimension is the easiest
to implement. In medicine, fractal analysis has been
used to describe the anatomy of the arterial and
venous trees, the branching of certain cardiac mus-
cle bundles, as well as the ramifying tracheobronchial
tree and His-Purkinje network, nervous system,
bowel, biliary duct system and renal calyces [11].
Moreover, complex fluctuations with the statistical
properties of fractals have been described for heart-
-rate variability, fluctuations in respiration, systemic
blood pressure, human gait, white blood cell counts,
as well as certain ion-channel kinetics [11].

It has been demonstrated that skin microcir-
culation flow also has a fractal character [7]. There
has been no analysis of fractal dimension of LDF

signals in hypertensive subjects. In the present
study, we decided to analyze alterations of rest and
reactive skin flow fractal dimensions (D) in normal
subjects with, and without, a familial predisposition
to hypertension, and in patients with newly diag-
nosed hypertension.

Methods

Study population

The experimental protocol has been approved
by the local Ethics Committee at the Medical Col-
lege of the Jagiellonian University and it conforms
to the guidelines set out in the Declaration of Hel-
sinki. Subjects were recruited into the study from
ambulatory patients at the hypertensiology center
and from healthy volunteers. Healthy subjects were
divided into two groups according to family history
of hypertension (one or both parents) as normoten-
sives without [NT(-)] or with [NT(+)] a familial
predisposition to hypertension. Hypertensive pa-
tients (HT) were newly diagnosed and untreated.
All participants were free from further known car-
diovascular risk factors or related comorbidities.
Heavy smokers (more than five cigarettes per day)
were excluded from the study.

Blood pressure measurements

Conventional blood pressure (BP) measure-
ments and ambulatory blood pressure monitoring
(ABPM) were performed on all study participants.
Conventional BP measurements were conducted by
the same investigator on the upper right arm with
the cuff inflated at heart level using a mercury
sphygmomanometer. Before the measurements,
the subject remained in the supine position for about
ten minutes and then underwent three blood pres-
sure measurements at two-minute intervals. Sys-
tolic blood pressure (SBP) level was recorded at
Korotkow Phase I and diastolic blood pressure
(DBP) at Korotkow Phase V. Mean values of the two
last measurements were used in further analysis.

ABPM was recorded over a working day using
automatic SpaceLabs 90207 unit. The cuff with the
appropriate bladder size was fixed to the studied
arm, and the device was set to obtain automatic BP
readings at 15-minute intervals during the daytime
and at 30-minute intervals during the nighttime.
Investigators performing ABPM were blinded to the
clinical status of examined subjects. More than 80%
of successful readings were required to qualify the
test for subsequent analysis. The mean values and
variability (expressed as standard deviation [SD])
of 24-hour SBP/DBP were analyzed.
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Figure 1. Compressed resting (RF), ischemic (BZ — biological zero) and heat (HF) flow records of laser Doppler

flowmetry.

Laser Doppler flowmetry

All measurements were performed in the
morning in a quiet room at temperatures of approx-
imately 21-22°C. Subjects were asked to refrain
from smoking and drinks containing caffeine on the
day of examination. Skin blood flow was measured
as cutaneous red blood cell flux using PeriFlux LDF.
The LDF probe (Periflux System 5000, Perimed,
Jarfalla/Stockholm, Sweden) was attached (using an
adhesive) to the right forearm to measure skin blood
flow. The recording was performed after a 20-mi-
nute period of adjustment in the supine position,
with LDF signal stable for approximately ten min-
utes before the recording. The day-to-day reproduc-
ihility of the flow has been demonstrated previous-
ly [16].

The LDF signal was recorded continuously
(Fig. 1). A four-minute baseline resting flow was
recorded prior to forearm ischemia which was pro-
duced by a pneumatic cuff, positioned at the arm and
inflated to 50 mm Hg above the SBP of the studied
person. A three-minute ischemic flow (biological
zero) was registered. After cuff release and rever-
sion of resting flow, the local heating units were
heated from skin temperature to 44°C over 15-22 s
and maintained at this temperature for eight minutes.

The following data was digitized and stored on
the computer and analyzed off-line using signal pro-
cessing software (PeriSoft 2.5.5, Perimed): mean
values of four minutes resting blood flow (RF), three
minutes flow of biological zero (BZ) and eight min-
utes heat flow (HF). The values of blood flow were
expressed as absolute values (AU, arbitrary units).

The time series of original data of RF, BZ and
HF flows were used for further calculations. The
surface (S) under the curves was calculated as the
sum of subareas enclosed by x = T;, x = T;,,.
Average one-minute surface areas were calculated

as the ratio = S/(T,-T,). The algorithm of the hox
dimension (D) calculation utilized the series of
measurements (T,, M), (Ty, M,),...(T,, M,). A rec-
tangular area [O={(x,y)|T,<=x<=T, and
0<=y<=h}] containing the flow curve was cov-
ered with boxes (square grid) of size k, = t;,. The
boxes N(k,) that contained any part of the flow curve
were counted. This operation was repeated for the
k, = 2% ko, ky = 2%K, ..., ks = 2™P*¥k,, where k.,
<=min{t,,, h, T,-T,} and k,, > min {t,,,, h, T, T,}.
The box dimension was computed as the slope of
a least-square regression line fit to the points (log
ki, log N(k;)). The algorithms were implemented in
the C# programming language.

Other measurements

Height and weight were measured, and body
mass index (BMI) was calculated. Pulse wave ve-
locity (PWV) between common carotid and femo-
ral arteries was measured using a Complior device
(Colson, France). The transit time between the
carotid and the femoral pulse waves was automati-
cally determined by the software and PWV was cal-
culated as the ratio of distance between transduc-
ers and transit time. An echocardiogram was ob-
tained in M mode (after selection of the
measurement section by a B-mode scan), which
allowed left ventricular mass index according to the
formula proposed by the American Echocardio-
graphic Society [17]. Venous blood samples were
obtained from each participant after an overnight
fast (from 6pm to 8am) to determine blood count,
serum glucose, urea (BUN) and sodium levels and
lipid profile (total cholesterol, triglyceride, LDL and
HDL levels), according to established methods.
Plasma osmolarity [mosm/L] was calculated accord-
ing to the formula: 2[Na*] + [glucose] + [BUN] in
mmol/L. Part of the blood specimen was centrifuged
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Table 1. Characteristics of the study groups.
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NT(-); n =17 NT(+); n = 22 HT; n = 31 P
Age (years) 34.82 + 13.88 34.2 + 8.64 37.97 = 9.19
Male gender (%) 41.2 50.0 67.7
Body mass index [kg/m?] 22.03 £ 2.40 23.25 + 2.72 25.30 + 3.34*** (0.002
Pulse wave velocity [m/s] 8.77 £1.79 7.73 = 1.46 8.89 + 2.14
Insulin [¢U/mL] 5.63 = 1.69 7.50 = 5.79 8.19 + 3.33* 0.03
Glucose [mmol/L] 4,79 + 0.52 491 + 0.81 5.29 + 0.70* 0.01
HOMA index 1.21 £ 0.44 1.82 = 0.91 1.94 + 0.82* 0.01
Triglyceride [mmol/L] 1.18 £ 0.49 1.24 £ 0.74 1.91 = 1.27* 0.04
Total cholesterol [mmol/L] 5.07 £ 1.39 4.81 £ 0.74 5.25 + 1.09
High density lipoprotein [mmol/L] 1.54 = 0.28 1.56 = 0.57 1.30 = 0.31
Low density lipoprotein [mmol/L] 299 = 1.34 2.73 £ 0.56 3.03 = 1.03
Hematocrit (%) 40.96 + 2.77 40.74 + 3.34 42.40 + 2.68
Osmolarity [mosm/L] 271.82 +£9.34 268.02 + 6.27 268.66 + 5.20
Left ventricular mass index [g/m?] 114.6 £ 17.5 102.9 = 13.9 119.2 £ 314" 0.05
Clinical SBP [mm Hg] 122.1 + 11.56 121.3 + 8.6 152.6 += 8.3 < 0.001
Clinical DBP [mm Hg] 80.1 £6.3 75.4 = 6.8 95.1 £6.9 < 0.001
24 h SBP [mm Hg] 118.2 = 9.0 113.8 £ 6.9 132.6 = 10.2 < 0.001
Variability of 24 h SBP [mm Hg] 12.7 = 2.7 11.2+29 13.1 £ 3.3
24 h DBP [mm Hg] 72.9 £ 6.0 71.1 4.7 83.2 +8.3 < 0.001
Variability of 24 h DBP [mm Hg] 109+ 1.5 10.4 £ 2.2 11.3+2.7
24 h heart rate [beats/min] 72.1+£9.6 74.4 £ 75 79.0 £ 9.6** 0.05

*HT vs NT(-): p = 0.03; **HT vs NT(-): p = 0.06; ***HT vs NT(-): p = 0.002; *HT vs NT(+): p = 0.08; *HT vs NT(-): p = 0.01; ~HT vs NT(+): p = 0.05;
NT — normotensive subjects; (-) negative family history of hypertension; (+) positive family history of hypertension; HT — sustained hypertension;

SBP — systolic blood pressure; DBP — diastolic blood pressure

and stored at —80°C for subsequent measure of in-
sulin [#U/mL] using electrochemiluminescence im-
munoassay (Roche Elecsys 2010). The homeosta-
sis model assessment (HOMA) index was obtained
according to the following formula: (fasting plasma
glucose X fasting plasma insulin)/22.5 [18].

Statistical analysis

Results were expressed as means = SD. Be-
tween-group comparisons were made using the
ANOVA Kruskall-Wallis test for nonparametric data
with post hoc analysis to identify individual differ-
ences between groups, and using y* test to investi-
gate differences within categorical variables distri-
bution. Analysis of covariance (ANCOVA) was used
to adjust studied parameters for variables that are
not comparable among the groups. Multivariate
reverse regression analysis was used to detect the
parameters of the study population, which can con-
stitute predictors of skin flow fractal dimensions. The
simplest significant model was selected. A p value
< 0.05 was considered statistically significant.

Results

The study population consisted of 70 people
(mean age 36.1 = 10.3 years, 44.3% women):
17 NT(-), 22 NT(+), 31 HT, age and gender
matched. Groups differed according to BMI, glu-
cose, triglyceride, insulin levels, HOMA index and
BP values (Table 1). HT patients had significantly
higher values of BMI (p = 0.002), glucose (p = 0.01),
insulin (p = 0.03) levels and also HOMA index
(p = 0.01) and 24 hours heart rate (p = 0.06) than
NT(-) subjects. Moreover, hypertensives present-
ed higher triglyceride levels (p = 0.08) and left
ventricular mass index (LVMI) (p = 0.05) than
NT(+) normotensives. BP values were significantly
higher in hypertensive as opposed to normotensive
groups (post hoc analysis is not presented). Variabil-
ity of 24 hour BP was similar among the studied
groups. There were also observed typical gender
differences of HDL cholesterol levels (women: 1.6 =
+ 0.5;men: 1.3 = 0.4, p < 0,05) and LVMI (women:
102.8 + 14.6; men: 121.9 + 28.2, p < 005).
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Table 2. Mean values of skin flows and average one-minute surface areas (AvS) under curve records in

the study groups.

Parameters of flow* NT(-); n = 17 NT(+); n = 22 HT; n = 31 p
RF [AU] 9.73 + 3.82 8.84 +4.23 10.15 + 3.88
AvS RF [AUYmin] 9.78 + 3.92 9.49 =45 9.97 = 4.09
BZ [AU] 4.6 = 1.02 3.97 £ 1.1 4.34 = 1.81
AvS BZ [AU?/min] 4.7 = 1.07 43 +1.6 4.47 = 1.81
HF [AU] 133.40 + 46.37 98.53 + 34.11 112.4 = 45.11
AvS HF [AU%min] 124.3 = 57.5 91.1 = 26.8 109.6 + 46.6 0.06
*Adjusted for body mass index; RF — rest flow; BZ — biological zero; HF — heat flow
The mean values of RF, BZ and HF were simi- 1.80
lar in all studied groups (Table 2). Average one- 175 . - A
minute area under the curve of RF and BZ was also 170 - +
comparable in the groups, but we observed a ten- 165
dency to lower values of area under the curve of HF 1560 - I
in NT(+) subjects than in the others. Fractal dimen- E .
sions (D) of RF and HF were similar, but of BZ dif- - — - .
fered among the studied groups (Fig. 2). The low- 1'45 5
est values (1.11 = 0.05) was detected in NT(+) 1'40 a . .
subjects, and higher differences were observed with 1'35 s
regard to the NT(-) group, (1.15 = 0.06, p = 0.04) ’
than the HT group (1.13 = 0.05). 1.30 x
Multiple regression model included age, gen- 1.25
der, family history of HT, BMI, PWYV, values of clin- _ a
ical BP and ABPM measurements, hematocrit, os- 1.20 A g
molarity, fasting blood glucose, lipids and insulin lev- N 115 - =
els as independent variables. Significant predictors a :
of D BZ are presented in Table 3. A family history 110 T = A
of HT, variability of 24 hour DBP and insulin level 1.05 4= 4
were significant predictors of D BZ reduction. 00 ) p=0.04
Discussion 7
1.6 .
The results revealed that a family predisposi- 15
tion to HT is connected to diminished values of frac- ' . 8
tal dimension of ischemic flow in skin microcircu- 1.4 i = -
lation. A family history of HT, variability of 24 hour &€ 13 T 2
DBP and insulin level were significant predictors = P £ H
of that reduction. ' pe = -
The lower fractal dimension of microcirculation 11 g g
flow may point to its lower chaotic character. The 1.0 s .
chaotic fluctuations of flow confer greater stability 09
to microcirculatory perfusion and may influence NT(+) NT(-) HT
flow independently of their amplitude, as was shown —
. . — Mean I Mean+SD A Original data
based on the model of a single resistance vessel

[19]. As chaotic patterns of vasomotion preserve
amore homogeneous characteristic of perfusion, di-
minished fractal dimension of ischemic flow in our
subjects with familial predisposition to HT might
suggest weakening of skin ischemic flow in those
persons. Studies of flowmotion in animal models of

Figure 2. Fractal dimensions of resting (D RF), ischemic
(D BZ) and heat (D HF) flows in study groups; NT —
normotensive subjects; (-) negative family history of
hypertension; (+) positive family history of hyperten-
sion; HT — sustained hypertension.
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Table 3. Significant predictors of ischemic flow (biological zero) fractal dimension in multiple

regression models.

Fractal dimension of ischemic flow B coefficient p
(corrected R> = 0.16; p < 0.02)

Family history -0.28 0.04
Hematocrit 0.26 0.10
Variability of 24 h diastolic blood pressure -0.33 0.03
Total cholesterol 0.18 0.18
Insulin level -0.38 0.01

HT have had inconsistent results. It has been ob-
served that rhythmic activity was more prevalent
in arteries from hypertensive rats than in normo-
tensive controls [20] and spontaneous rhythmic
activity in rat aorta appeared secondary to chronic
pressure loading following experimental coarctation
[21]. On the other hand, fluctuations in pressure and
flow in renal proximal tubules were normally perio-
dic, but became chaotic following the onset of HT [22].
It seems probable that results might be specific for
different vascular trees and may be related to a ge-
netic predisposition to HT, as our results suggest.
Mechanisms of chaotic flowmotion reduction
may be structural or functional. Changes in struc-
ture of the vascular tree are thought to be the root
cause of perfusion heterogeneity within different
tissues [23]. It has been shown that capillary tortu-
osity, especially when combined with the increased
number of capillary anastamoses, decreases perfu-
sion heterogeneity [24]. The structural abnormali-
ties were detected in HT but also in normotensive
individuals with familial predisposition to HT [25, 26].
The vascular tree structure is inherently opti-
mized for oxygen delivery [27]. However, observed
differences in perfusion heterogeneity may be also
due to differences in the physiological control mecha-
nisms of perfusion. Skin microcirculatory flowmo-
tion is controlled firstly by a combination of meta-
bolic factors such as nitric oxide (NO) produced in
response to endothelial cell shear stress; secondly
by vascular smooth muscle activity which is propor-
tional to the tissue’s metabolic demand for oxygen;
and thirdly by fluctuations in the ion concentrations,
mainly Ca*", across the membrane of vascular
smooth muscle cells [1, 28-30]. Such mechanisms
may be disturbed in many cardiovascular diseases.
It is generally agreed that HT is accompanied by
endothelial dysfunction, in which oxidant generation
and uncoupling of endothelial NO syntase play an
important role [31, 32]. Impaired vasodilation related
to the endothelium has been confirmed not only in

HT but also in many cardiovascular diseases, and may
also precede its development, as shown in the study
of the offspring of hypertensive patients [31-33].

The fractal character of flows in human hyper-
tensives has not been investigated to date. How-
ever, there have been some fractal analyzes of ret-
inal vessels structure in hypertensive patients. The
fractal dimension of the retinal vascular network
appeared smaller for hypertensives than for non-
hypertensives [34]. Fractal analyzis of 24 hours
blood pressure fluctuations did not reveal fractal
character, but results suggested that the complex-
ity of heart rate signal might be altered in HT [35].
In cardiology, several new analyzis methods of heart
rate behavior, motivated by non-linear dynamics
and chaos theory, have been developed to quantify
the dynamics of heart rate fluctuations [11]. Com-
plex heart rate fluctuations seen during normal si-
nus rhythm in healthy individuals, even at rest, are
attributable in part to deterministic chaos. Various
diseases, such as those associated with congestive
heart failure syndromes, may involve a paradoxical
decrease in this type of non-linear variability. More-
over, the reduced short-term fractal exponent of
heart rate variability remains the independent pre-
dictor of mortality [36].

Our results showed for the first time that peo-
ple with a familial predisposition to HT present di-
minished chaotic behavior of ischemic skin flow.
A family history of HT, variability of 24 hour DBP
and insulin level were significant predictors of that
reduction. As chaotic patterns of vasomotion pre-
serve the more homogeneous characteristics of
perfusion, and simultaneously familial predisposi-
tion to HT constitutes an unmodifiable risk factor,
modification of DBP characteristics and insulin level
may have significance in protecting against weak-
ening of skin ischemic flow. However, further stud-
ies are needed to estimate the fractal character of
microcirculation flows, as well as the mechanism
and clinical meaning of this phenomenon.
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