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Abstract

Pressure ulcers are a significant healthcare problem affecting the quality of life in wheelchair
bounded or bed-ridden people and are a major cost to the healthcare system. Various assessment
tools such as the Braden scale have been developed to quantify the risk level of pressure ulcers.
These tools have provided an initial guideline on preventing pressure ulcers while additional
assessments are needed to improve the outcomes of pressure ulcer prevention. Skin blood flow
function that determines the ability of the skin in response to ischemic stress has been proposed to
be a good indicator for identifying people at risk of pressure ulcers. Wavelet spectral and
nonlinear complexity analyses have been performed to investigate the influences of the metabolic,
neurogenic and myogenic activities on microvascular regulation in people with various
pathological conditions. These findings have contributed to the understanding of the role of
ischemia and viability on the development of pressure ulcers. The purpose of the present review is
to provide an introduction of the basic concepts and approaches for the analysis of skin blood flow
oscillations, and present an overview of the research results obtained so far. We hope this
information may contribute to the development of better clinical guidelines for the prevention of
pressure ulcers.
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1. Introduction

Pressure ulcers are a significant healthcare problem affecting the quality of life in persons
who use wheelchairs and are a major cost to the healthcare system [1]. Pressure ulcer
management is extremely difficult and presence of a pressure ulcer often prolongs
hospitalization [2], which can contribute to further deterioration of a patient’s general health
condition [3]. In clinical practice, early prevention of pressure ulcers requires an effective
method for identifying people at the highest risk of pressure ulcers [4]. VVarious assessment
tools such as the Braden scale have been developed to quantify the risk level of pressure
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ulcers [5]. These scales have provided an initial guideline on preventing pressure ulcers
while additional assessments are needed to improve the outcomes of pressure ulcer
prevention [6, 7].

Pressure ulcers are caused by prolonged mechanical loading of the soft tissues, while the
detailed mechanisms remain largely unknown [1, 8, 9]. Several theories have been
developed pertaining to the link between mechanical loading and tissue necrosis, including
localized ischemia [10-12], sustained deformation of cells [13, 14], impaired interstitial
fluid flow and lymphatic drainage [15], and reperfusion injury [16]. Among these theories,
local ischemia is widely accepted as the primary etiology of pressure ulcers [1, 8, 9]. The
ischemia theory proposes that tissue ischemia induced by the occlusion of blood vessels by
externally applied pressure causes ischemic damage of weight bearing tissues. Aligned with
the ischemia theory, skin blood flow function that determines the ability of the skin in
response to ischemic stress has been proposed to be a good indicator for identifying people
at risk of pressure ulcers [8, 12].

The skin serves a number of vital functions. The majority of skin blood flow (~85%)
regulates body temperature, and the remaining portion (~15%) is for the metabolic needs of
the skin [17, 18]. Skin microcirculation is thought to reflect the microcirculation of other
vascular beds [19]. For instance, endothelial dysfunction is a systemic disease process that
occurs simultaneously in multiple vascular beds [20]. Skin microcirculation can be studied
using minimally invasive methodologies so it has been used as a model circulation for
investigating vascular disease mechanisms and the state of microcirculatory function in
high-risk populations [6, 21-23].

Skin microcirculation can be assessed by quantifying changes in skin blood flow response to
a variety of stimuli such as pressure [11, 24], local heating [25, 26], local cooling [12, 27],
and specific vasoactive pharmacological agents delivered via iontophoresis or intradermal
microdialysis [28]. Blood flow over large areas of skin can be measured using laser Doppler
imaging [29], and rapid dynamic changes in flow over a small area can be measured using
laser Doppler flowmetry (LDF) [4, 28]. In addition, spectral and nonlinear complexity
analyses of blood flow oscillations (BFO) have been performed to investigate the influences
of the metabolic, neurogenic, and myogenic activities on cutaneous microvascular regulation
[6, 30-32]. To date, impaired mechanisms for skin blood flow regulation have been found in
the normal aging process [6, 33], as well as a variety of pathological conditions such as
hypertension [21, 34], diabetes [23, 35, 36], and spinal cord injury [27, 37, 38].

The purpose of the review is to provide an introduction of the basic concepts and approaches
for the analysis of BFO, and present an overview of the results obtained so far. We hope this
information will contribute to the understanding of the role of soft tissue ischemia on the
development of pressure ulcers.

2. Dynamics of skin blood flow oscillations

2.1. Skin vasculature

Skin consists of the dermis and the epidermis (Figure 1). The epidermal layer of the skin
contains no blood vessels, whereas the dermis has a rich blood supply. The vasculature of
the dermis consists of two interconnected systems, the superficial vascular plexus in the
capillary dermis and the deep vascular plexus at the dermal-subcutaneous interface, which
represent the physiologically important areas in the skin [39]. The superficial plexus is
comprised of paired arterioles and venules, with capillaries arising from these arterioles,
extending upward within the papillary dermis and then looping back down to the venules.
The deep vascular plexus contains arterioles and venules of larger diameter that arise from
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the underlying muscles and subcutaneous fat [39, 40]. The two plexus are connected by
paired ascending arterioles and descending venules, which supply the hair bulbs and sweat
glands [39]. Sphincter-like smooth muscle cells are located at the point where the ascending
arterioles divide to form the arteriolar component of the upper horizontal plexus [39].

Vessels in the papillary dermis are composed of terminal arterioles, arterial and venous
capillaries, and postcapillary venules. The terminal arterioles, typically 17 to 26 wm in
diameter, function as a part of the resistance vessels in the skin [39, 40]. In these arterioles,
smooth muscle cells are lined with endothelial cells, capable of releasing vasodilators and
vasoconstrictors such as nitric oxide (NO), prostanoids, and endothelium-derived
hyperpolarizing and constricting factors [41]. There are abundant sympathetic nerve fibers
in arterioles, which are adjacent to smooth muscle cells [42]. In the nonglabrous skin, blood
vessels contain both adrenergic and sympathetic cholinergic nerves, whereas blood vessels
in the glabrous skin are primarily innervated by sympathetic adrenergic nerves [36, 41]. In
both the nonglabrous and glabrous skin, sensory nerves release vasoactive agents in
response to thermal, chemical, and mechanical stimuli, which influence cutaneous vascular
tone. In addition, these nerves serve to provide feedback to the central nervous system for
local blood flow regulation [41].

Capillaries, usually 5-10 pm in diameter, are simple endothelial tubes surrounded by a
basement membrane [42]. Capillaries permit the exchange of water, oxygen, carbon dioxide,
and other nutrient and waste chemical substances between blood and surrounding tissues.
Although capillaries cannot actively dilate or contract, the surface area available for
exchange may be regulated to a degree by precapillary sphincters, rings of smooth muscle
regulated by the sympathetic system, or by terminal arterioles. The capillary bed is an
interwoven network of two types of vessels, including true capillaries which provide for the
exchange of oxygen, carbon dioxide and nutrients, and a vascular shunt, a short vessel which
directly connects the arterioles and venules in the bed.

2.2. Mechanisms of skin blood flow regulation

Skin blood flow regulation is based on the relationship between vascular resistance and
vessel diameter [42, 43]. Blood vessels, specifically arterioles, can change their diameter
passively or actively by altering the contractile state of smooth muscles in the vascular wall.
Changes in diameter lead to changes in resistance within the vascular segment, which varies
in approximately inverse proportion to the fourth power in vessel diameter [42]. Thus, a
small increase in diameter would lead to a large increase in blood flow; conversely, a
decrease in diameter would greatly decrease blood flow [43]. Transmural pressure, vessel
wall shear stress, neurogenic stimuli, and metabolic stimuli are factors that induce active
changes in the contractile state of vascular smooth muscles [44]. When smooth muscles are
physiologically active, cutaneous arterioles constrict when pressure increases and dilate
when pressure decreases. Arterial vessels respond to changes in wall shear stress via
endothelial release of NO, leading to an increase in skin blood flow [26, 42]. Sensory nerves
respond to thermal, chemical, and mechanical stimuli and so provide feedback to the central
nervous system. They also release local neuropeptides and other vasoactive agents that
influence vascular tone.

Postocclusive reactive hyperemia refers to the increase in skin blood flow that occurs
following release of an arterial occlusion [24, 28] (Figure 2a). It is characterized by an initial
peak in flux followed by a sustained hyperemia. This response has been used in the
investigation of endothelial dysfunction [45] and changes in microvascular function
following pharmacological intervention [46]. Despite its usefulness as a clinical tool in the
assessment of microvascular reactivity, the exact mechanisms responsible for reactive
hyperemia remain unclear. Several studies suggest that the hyperemic response could
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involve endothelial vasodilators, myogenic response, and sensory nerves [28]. Of the
endothelial vasodilators, there is evidence to suggest at least part of the response is mediated
by prostanoids [46] and that NO does not play a significant role in the development or
maintenance of reactive hyperemia [47, 48].

Local heating of the skin causes a vasodilation dependent on the degree and rate of heating
[25, 26]. When local temperature is rapidly increased to 42°C and maintained at that level,
the vasodilation is typically biphasic, including an initial peak followed by a moderate
decrease leading to a prolonged plateau phase (Figure 2b). The initial vasodilatory phase is
predominantly mediated by local sensory nerves whereas the plateau phase is predominantly
mediated by NO. Results from a series of studies suggest that the NO is generated from the
endothelial NO synthase isoform [49]. There is evidence suggesting the sympathetic
neurotransmitters norepinephrine and neuropeptide Y are involved in both the initial peak
and plateau phases [50].

Local cooling of the skin typically causes an initial decrease in skin blood flow followed by
a transient vasodilation, and a progressive vasoconstriction [12, 41, 51] (Figure 2c). The rate
of change in temperature, and the extent of temperature change influence the pattern of
blood flow response [41]. The underlying mechanisms thought to be responsible for
alterations in blood flow in response to local cooling include local activation of adrenergic
nerves and an increase in the affinity of postsynaptic a-receptors (especially a,-receptors)
with decreasing temperature [27, 52]. Local cooling prompts a vasoconstrictive effect via
inhibition exerted by the NO system [53], in part at the level of the NO synthase enzyme and
in part at steps downstream from the production of NO [51]. Adrenergic nerve components
are involved in norepinephrine-mediated vasoconstriction triggered by the cooling stimulus.

2.3. Skin blood flow oscillations

Blood flow in microvessels is well known for oscillatory as opposed to steady. In the early
1920’s, Nobel Prize winner August Krogh noted the heterogeneity of blood flow in the
webbed feet of frogs [54]. He found that flow in capillaries may become retarded or
accelerated and that the direction of flow in capillary anastomoses may change periodically.
In the 1960’s, measurements of red cell velocity in individual capillaries showed that
fluctuations virtually always occur in microvessels [55]. Fung [56] suggested the dynamics
of capillary blood flow could be attributed to the random statistical distribution of red blood
cell sizes, blood vessel geometry, and the multiloop system. Griffith et al. [57] suggested
spontaneous fluctuations in vascular diameter (vasomotion) and the nonlinear rheological
properties of blood contributed to temporal heterogeneity in microvascular perfusion.
Colantuoni et al. [58] studied vasomotion and flux motion in skeletal muscle
microcirculation and proposed that flux motion is fundamentally dependent on the type of
vessel from which it originates and is directly related to the vasomotion of the arterioles.
Findings from numerous studies suggested that vasomotion and the consequent skin blood
flow oscillations may play a critical role in determining the optimal distribution of blood
flow in the microvascular bed [59-61].

2.4. Measurement of skin blood flow

A number of methodologies have been utilized to develop indices of skin blood flow [4, 28].
Skin blood flow over large areas can be measured using laser Doppler imaging. This
technique is useful for examining spatial distribution of microvessel reactivity [29] while
laser Doppler flowmetry (LDF) can be used to measure dynamic changes in skin blood flow
over a small area [17]. The laser Doppler technology is based on the Doppler effect, first
described by Johan Christian Doppler (1803-1853), which occurs when a shift in frequency
is created when there is relative motion between the wave source and its observer. When a
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laser beam strikes the skin surface, about 4 to 5% of the incident light is reflected back from
the outer skin layer [17]. The remaining light beam is then scattered and partly absorbed by
the tissue. Light hitting moving blood cells undergoes a frequency shift that is proportional
to the velocity of the moving object while the frequency of light waves hitting static objects
is unchanged. The magnitude and frequency distribution of these changes in wavelength are
picked up by a receiving fiber, and analyzed to yield an indirect measure of red blood cell
velocity and the concentration of blood cells. The measurement depth depends on tissue
properties, the wavelength of the laser light, and the distance between the sending and
receiving fibers in the laser Doppler probe [4]. For instance, in normal skin, using a probe
with a fiber separation of 0.25 mm, and a 780 nm wavelength laser, the measuring depth is
about Imm. This depth is sufficient to reach the superficial vascular plexus but not the deep
vascular plexus residing below the dermis [39].

LDF performance compares favorably to other measures of tissue perfusion including
radioisotropic clearance, the most accurate measurement of skin perfusion, with correlation
coefficients up to 0.98 [62]. The major advantage of this technique is its sensitivity in
detecting and quantifying changes in skin blood flow in response to stimulus [28]. In the
case of identifying people at risk of pressure ulcers, impaired vascular reactivity has been
shown to be a better index that can overcome the temporal and spatial variations of skin
blood flow [18, 28, 63]. Vascular reactivity is usually used to investigate the mechanisms
involved in the regulation of skin blood flow, to detect functional changes associated with
the development of diseases, or to evaluate the efficiency of disease treatment.

3. Linear analysis of blood flow oscillations

Skin blood flow signals have been analyzed using linear and nonlinear approaches in order
to obtain information about impaired microcirculatory mechanisms. Linear analysis includes
time domain analysis and spectral analysis. The former usually quantifies the overall
variation in blood flux in response to a given stimulus, while the later quantifies the
influences of the control mechanisms of BFO [24, 25, 30, 64]. Spectral analysis of skin BFO
in human beings has revealed six characteristic frequencies which represent the influence of
heart beat (~1 Hz), respiration (~0.3 Hz), myogenic activity of the vascular smooth muscle
(~0.1 Hz), neurogenic activity in the vessel wall (~0.04 Hz), and two different mechanisms
of vascular endothelial function (0.01 as nitric oxide dependent and 0.007 Hz as nitric oxide
independent), respectively [30]. NO and endothelium-derived hyperpolarizing factor are
hypothesized to be involved in the two mechanisms, respectively. The power within each
frequency interval has been used to characterize the activity of the corresponded mechanism
[25, 30, 64].

3.1. Time domain analysis of blood flow

The time dependent characteristics of reactive hyperemia include peak hyperemia, time to
peak, and area under the curve of hyperemic response [28, 45] [12]. It is suggested that peak
hyperemia may be related to how fast and how extensively the vessels react to ischemia [65]
and time to peak may be related to vascular resistance [66]. As the duration of arterial
occlusion in the human forearm increases, total hyperemic response also increases [47], the
area under the curve of hyperemic response is considered as a measure of the need for
metabolic repayment following tissue ischemia [67]. It was reported that peak hyperemia
expressed as raw value or raw value minus baseline was highly reproducible, whereas it was
less reproducible when expressed as raw value normalized to baseline [66]. However, the
reproducibility of reactive hyperemia also depends on the skin site and baseline skin
temperature [68]. Studies investigating the reproducibility of reactive hyperemia performed
on the volar surface of the forearm showed that when the same skin site was studied,
excellent reproducibility was observed [66]. It is therefore suggested that variations in
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reactive hyperemia are mainly attributed to the variation in capillary density between
different skin sites [46]. Blood flow response can be normalized to the maximal skin blood
flow [41] or to the baseline [63]. In addition, since skin temperature plays an important role
in baseline flux, maintaining skin temperature at an appropriate level can improve
reproducibility of reactive hyperemia, especially when data are expressed as a function of
baseline. Taken together, if skin sites are well chosen and baseline skin temperature is
maintained at an appropriate level, results reported in different studies could be directly
compared.

analysis of blood flow oscillations

3.2.1. Fourier spectral analysis—Spectral analysis, usually including Fourier spectral
analysis or wavelet analysis, has been utilized to study activities of the regulatory
mechanisms of skin blood flow [6, 30]. The Fourier spectral analysis is based on the
assumption that a time series can be decomposed into a finite number of periodic sinusoidal
functions with different frequencies and phases. Periodic oscillations of skin blood flow can
be quantified directly by Fourier spectral analysis, which reveals the amplitude (energy) of
the whole signal at given frequencies. Figure 3 shows an example of Fourier spectrum of the
LDF signal shown in Figure 2b during 1-10 min Fourier transform bears no information
about the time. Because characteristics of skin blood flow signals change continuously, they
are better analyzed using wavelet transform, which is able to reveal both the dominant
modes of variability and how those modes vary in time.

3.2.2. Wavelet analysis—Because characteristics of blood flow signals change
continuously, it is better to perform spectral analysis using the wavelet transform. A wavelet
is a function with zero mean and that is localized in both time and frequency domain [69].
This feature allows us to determine both the dominant modes of BFO and how those modes
vary in time. Wavelet transform of a signal yields a three-dimensional structure above the
time-frequency plane. Usually, the wavelet amplitude and power spectrum can be defined as
the absolute values of the wavelet transform and their squares, respectively [69]. For skin
blood flow signals, Morlet wavelet is a good choice, since it provides a good balance
between time and frequency localization. Figure 4 shows an example of wavelet analysis of
LDF signals. Because the characteristic frequencies vary with time (Figure 4a), some peaks
of amplitude spectrum therefore are broadened (Figure 4b).

3.2.3. Characteristic frequencies of BFO and their physiological origins—Time
frequency analysis of LDF signals has revealed a number of oscillatory components in the
0.005-2 Hz frequency interval [70, 71]. The oscillations at around 1 and 0.3 Hz correspond
to heart beat and respiration, respectively. The low frequency oscillations around 0.1, 0.04,
0.01, and 0.007 Hz have been associated with the myogenic activity of vascular smooth
muscle, the neurogenic activity of the vessel wall, and two different mechanisms of vascular
endothelial activities, respectively [72—74]. Séderstrom et al. [74] found that spectral
amplitude and power in the frequency interval 0.02-0.05 Hz normalized by the mean
amplitude and total power in the interval from 0.0095 to 2 Hz were significantly lower in
free skin flaps deprived of sympathetic nerve activity compared to intact skin in humans.
They concluded that sympathetic nerve activity influences BFO at frequencies of 0.02-0.05
Hz. Because the amplitude of 0.01 Hz frequency increases when stimulated by acetylcholine
rather than sodium nitroprusside, it is suggested that this frequency is associated with
endothelial activity [75]. These mechanisms of low frequency oscillations are involved in
the regulation of the vessels’ resistance [76], but the exact mechanisms of skin blood flow
regulation remain elusive [41, 51].
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It has been found that the amplitudes and frequencies of the oscillatory components are not
constant but vary with time [76]. Stefanovska [76] proposed explanations of the oscillatory
nature of the cardiovascular system. One explanation is that each of the observed oscillatory
components is a result of an ensemble of oscillators that are spatially distributed and not
fully synchronized [76]. Another explanation holds that these variations come from
interactions between the oscillators [76]. Since the low frequency BFO are generated
locally, the variations in their amplitudes and frequencies may be due to interactions among
the control mechanisms of blood flow [32, 63].

3.3. Applications of linear analysis

A variety of patho-physiolological conditions have been investigated using linear analysis
techniques and abnormalities of BFO have been observed in hypertension, diabetes,
congestive heart infarction, spinal cord injury, primary aging, and risk of pressure ulcers.
Table 1 summarizes the major recent findings. These studies have shown the promise of
using nonlinear analysis of BFO to further classify people at the highest risk of pressure
ulcers and better understand the role of ischemia and viability on the development of
pressure ulcers.

4. Nonlinear analysis of blood flow oscillations

BFO are directly related to vasomotion [42, 44] and vasomotion patterns have been found to
change from sinusoidal to highly irregular/chaotic [57]. When stimulated by constrictor
agonists, isolated arteries exhibit complex oscillations in tone/diameters, including
transitions from periodic to quasiperiodicity, period-doubling intermittency [77, 78]. The
sources and physiological benefits of chaotic vasomotion have been extensively discussed in
recent reviews [79, 80]. It has been speculated that nonlinear analysis of BFO might provide
valuable information about blood flow patterns in pathological conditions [31, 32, 81-83].
The rationale for using fractal and chaotic approaches to describe the dynamics of microflow
fluctuations is twofold. On one hand, it is known that multiple local events affect blood flow
in the microvascular network; but on the other hand, there is increasing evidence of chaotic
dynamics of vasomotion in isolated segments of these vascular networks [80].

4.1. Fractal analysis

The fractal concept is often associated with objects that display self-similarity [84]. This
concept has also been applied to quantify complex processes that exhibit irregular
fluctuations across multiple time scales when such temporal variability is statistically self-
similar [84]. A typical example of such processes is healthy heart rate regulation. Research
studies have demonstrated that BFO can be viewed as a fractal process [81, 85]. Figure 5
shows a skin blood flow signal on three time scales. The fluctuations seen on different scales
are not visually distinguishable, suggesting a statistical self-similar (scaling) property.

Fractal analysis aims to detect and quantify the scaling properties of time series. The most
commonly used indexes include Hurst exponent [86], 1/fslope [87], fractal dimension [88],
detrended fluctuation analysis (DFA) [89], and multifractal analysis [90]. DFA was
introduced by Peng et al. [89] to quantify the long-range power law correlations of
nonstationary time series. The root-mean-square fluctuation of the integrated and detrended
data are measured within observation windows of various sizes and then plotted against
window size on a log-log scale. A linear relationship between /og (fluctuation) and /og
(window size) indicates the presence of scaling (self-similarity) and the slope gives the
scaling exponent a, which actually represents the correlation properties of the signal. An
uncorrelated signal (white noise) yields a =0.5; a scaling exponent a >0.5 indicates the
presence of positive correlations in the signal; and 0<a<0.5 indicates anti-correlations in the
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signal [91]. For LDF signals, the log-log plot may exhibit more than one scaling region [32,
81]. For instance, local heating-induced vasodilatory blood flow shows three scaling regions
with two crossovers [32, 81] (Figure 6). These regions are related to the frequency bands for
different control mechanisms of skin blood flow [33, 81, 92].

4.2. Nonlinear dynamical analysis

A dynamical system is a model that determines the evolution of the system given only the
initial state [93]. The evolution of the system corresponds to a series of consecutive points in
its phase (state) space, which is called a trajectory of the system. The most commonly used
nonlinear measures are correlation dimension (CD), Lyapunov exponents (LEs), and
approximate entropy (ApEn) or sample entropy (SampEn) [93]. CD can be considered as a
measure of the number of independent variables needed to define the system in phase space
[94]. 1t quantifies the space-filling properties of the trajectories and thus reflecting the
complexity of underlying dynamics [95]. LEs quantify the exponential divergence of
initially close trajectories [96]. In principle, a positive largest exponent indicates the
presence of chaos [96]. However, noise time series can also give rise to spurious positive
exponents [97]. ApEn and SampEn reflect the conditional probability that any two
sequences of length /m+1 in the time series are similar given that they are similar for the first
melements of the sequences [98]. A higher value of ApEn or SampEn indicates more
regular structures of the time series. An effective way to check the nonlinearity of the data is
the use of surrogate data [99]. One commonly used approach for construction of surrogate
data is to perform a Fourier transform, randomize the phases, and then perform an inverse
Fourier transform. This procedure preserves the power spectrum of the original data but
destroys its nonlinear structures [100]. Thus, if a nonlinear measure of surrogate data is
clearly different from that of the original data, it can be concluded that the original data
contain some nonlinear structures.

Nonlinear measures are not designed to assess the magnitude of variability but the structures
of time series. This makes nonlinear analysis particularly useful in characterizing the
dynamics of BFO. However, one should be careful when interpreting the results of nonlinear
techniques applied to BFO. First, no single statistical measure is able to assess the
complexity of physiologic systems [101]. Fractal complexity of BFO refers to a multiscale,
fractal-type of oscillations. ApEn and SampEn are fundamentally measures of regularity, not
direct measures of complexity [101]. CD is actually equivalent to the randomness or degrees
of freedom of the functional source and does not provide information on the evolution of
trajectories over time [93]. Second, DFA can be used to separately quantify the correlation
properties of the characteristic frequency components of BFO, whereas ApEn, SampEn, CD,
or largest LE, reflects specific properties of the whole signal.

4.3. Applications of nonlinear analysis

Currently, assessment of BFO is largely based on statistical or spectral analysis, whereas
nonlinear features are neglected. This is likely due to the difficulty in obtaining an explicit
interpretation of results from the nonlinear analysis. Nevertheless, several authors have
provided evidence for the potential ability of nonlinear methods to identify abnormal
patterns of BFO [33, 82, 92, 102]. The major recent findings are summarized in Table 2.
These findings have complemented the studies of nonlinear analysis of BFO on the
understanding of pressure ulcer risk in various pathological conditions.

5. Conclusion

Although the etiology of pressure ulcers is multifactorial, tissue ischemia caused by
mechanical loading is widely accepted as the primary factor [1, 9, 24]. Because skin blood
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flow can be monitored non-invasively using LDF, evaluation of skin blood flow response to
causative factors of pressure ulcers, e.g. surface pressure with thermal stress, may be a good
indicator for identifying people with impaired microvascular function and at risk of pressure
ulcers. Traditionally, clinicians rely primarily on the use of mean skin blood flow in the
assessment of microvascular function. Such analyses are valuable in certain aspects such as
local heating-induced maximal vasodilation, which may provide a reliable test of endothelial
function [103].

Using spectral analysis of BFO, the underlying physiological mechanisms and the degree of
impairment associated with various diseases can be further quantified. Such information
may be used to further classify people at the highest risk of pressure ulcers. To sum up, the
study of skin blood flow oscillations has shown the promise to characterize the
microvascular impairments and its influence on the response to ischemic stresses in people
at risk of pressure ulcers. Such information may be important to identify people at the
highest risk of pressure ulcers.

Acknowledgments

This study was supported by the National Institutes of Health (R21HD065073) and the Paralyzed Veterans of
America Research Foundation (PVA2827).

References

1. Reddy M, Gill SS, Rochon PA. Preventing pressure ulcers: a systematic review. JAMA. 2006;
296(8):974-84. [PubMed: 16926357]

2. Chen D, Apple DF Jr, Hudson LM, Bode R. Medical complications during acute rehabilitation
following spinal cord injury--current experience of the Model Systems. Arch Phys Med Rehabil.
1999; 80(11):1397-401. [PubMed: 10569433]

3. Brem H, Lyder C. Protocol for the successful treatment of pressure ulcers. Am J Surg. 2004; 188(1A
Suppl):9-17. [PubMed: 15223496]

4. Jan YK, Brienza DM. Technology for pressure ulcer prevention. Topics in Spinal Cord Injury
Rehabilitation. 2006; 11(4):30-41.

5. Bergstrom N, Braden BJ, Laguzza A, Holman V. The Braden Scale for Predicting Pressure Sore
Risk. Nursing Reasearch. 1987; 36(4):205-10.

6. Jan YK, Struck BD, Foreman RD, Robinson C. Wavelet analysis of sacral skin blood flow
oscillations to assess soft tissue viability in older adults. Microvasc Res. 2009; 78(2):162-8.
[PubMed: 19465031]

7. Anthony D, Parboteeah S, Saleh M, Papanikolaou P. Norton, Waterlow and Braden scores: a review
of the literature and a comparison between the scores and clinical judgement. Journal of Clinical
Nursing. 2008; 17(5):646-53. [PubMed: 18279297]

8. Jan YK, Jones MA, Rabadi MH, Foreman RD, Thiessen A. Effect of wheelchair tilt-in-space and
recline angles on skin perfusion over the ischial tuberosity in people with spinal cord injury.
Archives of Physical Medicine and Rehabilitation. 2010; 91(11):1758-64. [PubMed: 21044723]

9. Olesen CG, de Zee M, Rasmussen J. Missing links in pressure ulcer research--an interdisciplinary
overview. Journal of Applied Physiology. 2010; 108(6):1458-64. [PubMed: 20299616]

10. Daniel RK, Priest DL, Wheatley DC. Etiologic factors in pressure sores: an experimental model.

Arch Phys Med Rehabil. 1981; 62(10):492-8. [PubMed: 7305643]

11. Herrman EC, Knapp CF, Donofrio JC, Salcido R. Skin perfusion responses to surface pressure-
induced ischemia: implication for the developing pressure ulcer. J Rehabil Res Dev. 1999; 36(2):
109-20. [PubMed: 10661527]

12.Jan YK, Lee B, Liao F, Foreman RD. Local cooling reduces skin ischemia under surface pressure
in rats: an assessment by wavelet analysis of laser Doppler blood flow oscillatioins. Physiological
Measurement. 2012; 33:1733-45. [PubMed: 23010955]

J Tissue Viability. Author manuscript; available in PMC 2014 May 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Liao et al.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Page 10

Landsman AS, Meaney DF, Cargill RS 2nd, Macarak EJ, Thibault LE. 1995 William J. Stickel
Gold Award. High strain rate tissue deformation. A theory on the mechanical etiology of diabetic
foot ulcerations. J Am Podiatr Med Assoc. 1995; 85(10):519-27. [PubMed: 7473083]

Bouten CV, Knight MM, Lee DA, Bader DL. Compressive deformation and damage of muscle cell
subpopulations in a model system. Annals of Biomedical Engineering. 2001; 29(2):153-63.
[PubMed: 11284670]

Reddy NP, Cochran GV, Krouskop TA. Interstitial Fluid-Flow as a Factor in Decubitus Ulcer
Formation. Journal of Biomechanics. 1981; 14(12):879-81. [PubMed: 7328094]

Peirce SM, Skalak TC, Rodeheaver GT. Ischemia-reperfusion injury in chronic pressure ulcer
formation: a skin model in the rat. Wound Repair Regen. 2000; 8(1):68-76. [PubMed: 10760216]

Oberg PA. Laser-Doppler flowmetry. Crit Rev Biomed Eng. 1990; 18(2):125-63. [PubMed:
2242676]

Jan, YK.; Brienza, DM. Tissue mechanics and blood flow factors in pressure ulcers of people with
spinal cord injury. In: Gefen, A., editor. The Pathomechanics of Tissue Injury and Disease, and the
Mechanophysiology of Healing. Research Signpost; India: 2009. p. 241-59.

Holowatz LA, Thompson-Torgerson CS, Kenney WL. The human cutaneous circulation as a
model of generalized microvascular function. Journal of Applied Physiology. 2008; 105(1):370—
72. [PubMed: 17932300]

Abularrage CJ, Sidawy AN, Aidinian G, Singh N, Weiswasser JM, et al. Evaluation of the
microcirculation in vascular disease. Journal of Vascular Surgery. 2005; 42(3):574-81. [PubMed:
16171612]

Holowatz LA, Kenney WL. Local ascorbate administration augments NO- and non-NO-dependent
reflex cutaneous vasodilation in hypertensive humans. Am J Physiol Heart Circ Physiol. 2007;
293(2):H1090-6. [PubMed: 17483240]

Cui J, Arbab-Zadeh A, Prasad A, Durand S, Levine BD, et al. Effects of heat stress on
thermoregulatory responses in congestive heart failure patients. Circulation. 2005; 112(15):2286—
92. [PubMed: 16216975]

Bernardi L, Rossi M, Leuzzi S, Mevio E, Fornasari G, et al. Reduction of 0.1 Hz microcirculatory
fluctuations as evidence of sympathetic dysfunction in insulin-dependent diabetes. Cardiovascular
Research. 1997; 34(1):185-91. [PubMed: 9217889]

Jan YK, Brienza DM, Boninger ML, Brenes G. Comparison of skin perfusion response with
alternating and constant pressures in people with spinal cord injury. Spinal Cord. 2011; 49(1):136—
41. [PubMed: 20514054]

Geyer MJ, Jan YK, Brienza DM, Boninger ML. Using wavelet analysis to characterize the
thermoregulatory mechanisms of sacral skin blood flow. Journal of Rehabilitation Research &
Development. 2004; 41(6):797-806. [PubMed: 15685468]

Minson CT, Berry LT, Joyner MJ. Nitric oxide and neurally mediated regulation of skin blood
flow during local heating. J Appl Physiol. 2001; 91(4):1619-26. [PubMed: 11568143]

Jan YK, Liao F, Rice LA, Woods JA. Using reactive hyperemia to assess the efficacy of local
cooling on reducing skin ischemia under surface pressure in people with spinal cord injury: a
preliminary report. Archives of Physical Medicine & Rehabilitation. 2013 In press.

Cracowski JL, Minson CT, Salvat-Melis M, Halliwill JR. Methodological issues in the assessment
of skin microvascular endothelial function in humans. Trends in Pharmacological Sciences. 2006;
27(9):503-8. [PubMed: 16876881]

Pierzga JM, Frymoyer A, Kenney WL. Delayed distribution of active vasodilation and altered
vascular conductance in aged skin. J Appl Physiol. 2003; 94(3):1045-53. [PubMed: 12433866]
Stefanovska A, Bracic M, Kvernmo HD. Wavelet analysis of oscillations in the peripheral blood
circulation measured by laser Doppler technique. IEEE Trans Biomed Eng. 1999; 46(10):1230-9.
[PubMed: 10513128]

Humeau A, Chapeau-Blondeau F, Rousseau D, Rousseau P, Trzepizur W, et al. Multifractality,

sample entropy, and wavelet analyses for age-related changes in the peripheral cardiovascular
system: preliminary results. Med Phys. 2008; 35(2):717-23. [PubMed: 18383693]

J Tissue Viability. Author manuscript; available in PMC 2014 May 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Liao et al.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

44,

45

46.

47.

48.

49.

50.

51.

Page 11

Liao F, Garrison DW, Jan YK. Relationship between nonlinear properties of sacral skin blood flow
oscillations and vasodilatory function in people at risk for pressure ulcers. Microvasc Res. 2010;
80(1):44-53. [PubMed: 20347852]

Liao F, Struck BD, Macrobert M, Jan YK. Multifractal analysis of nonlinear complexity of sacral
skin blood flow oscillations in older adults. Med Biol Eng Comput. 2011; 49(8):925-34.
[PubMed: 21487818]

Carberry PA, Shepherd AM, Johnson JM. Resting and maximal forearm skin blood flows are
reduced in hypertension. Hypertension. 1992; 20(3):349-55. [PubMed: 1516954]

Lefrandt JD, Bosma E, Oomen PH, Hoeven JH, Roon AM, et al. Sympathetic mediated
vasomotion and skin capillary permeability in diabetic patients with peripheral neuropathy.
Diabetologia. 2003; 46(1):40-7. [PubMed: 12637981]

Jan YK, Shen S, Foreman RD, Ennis WJ. Skin blood flow response to locally applied mechanical
and thermal stresses in the diabetic foot. Microvascular Research. 2013 In press.

Liao F, Jan YK. Using multifractal detrended fluctuation analysis to assess sacral skin blood flow
oscillations in people with spinal cord injury. J Rehabil Res Dev. 2011; 48(7):787-800. [PubMed:
21938665]

Jan YK, Anderson M, Soltani J, Burns S, Foreman RD. Comparison of changes in heart rate
variability and sacral skin perfusion in response to postural changes in people with spinal cord
injury. Journal of Rehabilitation Research & Development. 2013; 50(2)10.1682/JRRD.
2011.08.0138

Braverman IM. The cutaneous microcirculation. J Investig Dermatol Symp Proc. 2000; 5(1):3-9.
Braverman IM. Ultrastructure and organization of the cutaneous microvasculature in normal and
pathologic states. Journal of Investigative Dermatology. 1989; 93(2 Suppl):2S-9S. [PubMed:
2666519]

Minson CT. Thermal provocation to evaluate microvascular reactivity in human skin. J Appl
Physiol. 2010; 109(4):1239-46. [PubMed: 20507974]

Popel AS, Johnson PC. Microcirculation and Hemorheology. Annu Rev Fluid Mech. 2005; 37:43—
69. [PubMed: 21151769]

Jan YK, Brienza DM, Geyer MJ, Karg P. Wavelet-based spectrum analysis of sacral skin blood
flow response to alternating pressure. Archives of Physical Medicine & Rehabilitation. 2008;
89(1):137-45. [PubMed: 18164343]

Schmid-Schonbein GW. Biomechanics of microcirculatory blood perfusion. Annu Rev Biomed
Eng. 1999; 1:73-102. [PubMed: 11701483]

. Stewart J, Kohen A, Brouder D, Rahim F, Adler S, et al. Noninvasive interrogation of

microvasculature for signs of endothelial dysfunction in patients with chronic renal failure. Am J
Physiol Heart Circ Physiol. 2004; 287(6):H2687-96. [PubMed: 15297253]

Binggeli C, Spieker LE, Corti R, Sudano I, Stojanovic V, et al. Statins enhance postischemic
hyperemia in the skin circulation of hypercholesterolemic patients: a monitoring test of endothelial
dysfunction for clinical practice? Journal of the American College of Cardiology. 2003; 42(1):71-
7. [PubMed: 12849662]

Wong BJ, Wilkins BW, Holowatz LA, Minson CT. Nitric oxide synthase inhibition does not alter
the reactive hyperemic response in the cutaneous circulation. J Appl Physiol. 2003; 95(2):504-10.
[PubMed: 12692141]

Zhao JL, Pergola PE, Roman LJ, Kellogg DL Jr. Bioactive nitric oxide concentration does not
increase during reactive hyperemia in human skin. J Appl Physiol. 2004; 96(2):628-32. [PubMed:
14715681]

Kellogg DL Jr, Zhao JL, Wu Y. Endothelial nitric oxide synthase control mechanisms in the
cutaneous vasculature of humans in vivo. Am J Physiol Heart Circ Physiol. 2008; 295(1):H123-9.
[PubMed: 18469149]

Hodges GJ, Kosiba WA, Zhao K, Johnson JM. The involvement of norepinephrine, neuropeptide
Y, and nitric oxide in the cutaneous vasodilator response to local heating in humans. J Appl
Physiol. 2008; 105(1):233-40. [PubMed: 18483164]

Johnson JM, Kellogg DL. Local thermal control of the human cutaneous circulation. Journal of
Applied Physiology. 2010; 109(4):1229-38. [PubMed: 20522732]

J Tissue Viability. Author manuscript; available in PMC 2014 May 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Liao et al.

52.

53.

54.

55

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Page 12

Charkoudian N. Skin blood flow in adult human thermoregulation: how it works, when it does not,
and why. Mayo Clin Proc. 2003; 78(5):603-12. [PubMed: 12744548]

Yamazaki F, Sone R, Zhao K, Alvarez GE, Kosiba WA, et al. Rate dependency and role of nitric
oxide in the vascular response to direct cooling in human skin. J Appl Physiol. 2006; 100(1):42—
50. [PubMed: 16179403]

Krogh A. Studies on the physiology of capillaries: 11. The reactions to local stimuli of the blood-
vessels in the skin and web of the frog. J Physiol. 1921; 55(5-6):412-22. [PubMed: 16993526]

. Johnson PC, Wayland H. Regulation of blood flow in single capillaries. Am J Physiol. 1967;

212(6):1405-15. [PubMed: 4952132]

Fung YC. Stochastic flow in capillary blood vessels. Microvasc Res. 1973; 5(1):34-48. [PubMed:
4684755]

Griffith TM. Temporal chaos in the microcirculation. Cardiovascular Research. 1996; 31(3):342—
58. [PubMed: 8681322]

Colantuoni A, Bertuglia S, Intaglietta M. Microvascular vasomotion: origin of laser Doppler flux
motion. Int J Microcirc Clin Exp. 1994; 14(3):151-8. [PubMed: 8082994]

Bertuglia S, Colantuoni A, Intaglietta M. Effects of L-NMMA and indomethacin on arteriolar
vasomotion in skeletal muscle microcirculation of conscious and anesthetized hamsters. Microvasc
Res. 1994; 48(1):68-84. [PubMed: 7990724]

Parthimos D, Edwards DH, Griffith TM. Comparison of chaotic and sinusoidal vasomotion in the
regulation of microvascular flow. Cardiovascular Research. 1996; 31(3):388-99. [PubMed:
8681326]

Ursino M, Cavalcanti S, Bertuglia S, Colantuoni A. Theoretical analysis of complex oscillations in
multibranched microvascular networks. Microvasc Res. 1996; 51(2):229-49. [PubMed: 8778577]

Shepherd, AP.; Oberg, PA., editors. Laser-Doppler Blood Flowmetry. Kluwer Academic
Publishers Group; Norwell: 1990. p. 57-58.

Jan YK, Brienza DM, Geyer MJ. Analysis of week-to-week variability in skin blood flow
measurements using wavelet transforms. Clin Physiol Funct Imaging. 2005; 25(5):253-62.
[PubMed: 16117727]

Humeau A, Koitka A, Abraham P, Saumet JL, L’Huillier JP. Time-frequency analysis of laser
Doppler flowmetry signals recorded in response to a progressive pressure applied locally on
anaesthetized healthy rats. Physics in Medicine & Biology. 2004; 49(5):843-57. [PubMed:
15070207]

Hagisawa S, Ferguson-Pell M, Cardi M, Miller SD. Assessment of skin blood content and
oxygenation in spinal cord injured subjects during reactive hyperemia. J Rehabil Res Dev. 1994;
31(1):1-14. [PubMed: 8035356]

Yvonne-Tee GB, Rasool AH, Halim AS, Rahman AR. Reproducibility of different laser Doppler
fluximetry parameters of postocclusive reactive hyperemia in human forearm skin. J Pharmacol
Toxicol Methods. 2005; 52(2):286-92. [PubMed: 16125628]

Schubert V, Fagrell B. Postocclusive reactive hyperemia and thermal response in the skin
microcirculation of subjects with spinal cord injury. Scand J Rehabil Med. 1991; 23(1):33-40.
[PubMed: 2035001]

Roustit M, Blaise S, Millet C, Cracowski JL. Reproducibility and methodological issues of skin
post-occlusive and thermal hyperemia assessed by single-point laser Doppler flowmetry.
Microvascular Research. 2010; 79(2):102-8. [PubMed: 20064535]

Torrence C, Compo GP. A practical guide to wavelet analysis. Bulletin of the American
Meteorological Society. 1998; 79(1):61-78.

Stefanovska A, Bracic M. Physics of the human cardiovascular system. Contemporary Physics.
1999; 40(1):31-55.

Kvandal P, Landsverk SA, Bernjak A, Stefanovska A, Kvernmo HD, et al. Low-frequency
oscillations of the laser Doppler perfusion signal in human skin. Microvascular Research. 2006;
72(3):120-27. [PubMed: 16854436]

Salerud EG, Tenland T, Nilsson GE, Oberg PA. Rhythmical variations in human skin blood flow.
Int J Microcirc Clin Exp. 1983; 2(2):91-102. [PubMed: 6236159]

J Tissue Viability. Author manuscript; available in PMC 2014 May 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Liao et al.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Page 13

Bollinger A, Hoffmann U, Franzeck UK. Evaluation of flux motion in man by the laser Doppler
technique. Blood Vessels. 1991; 28(Suppl 1):21-6. [PubMed: 1834254]

Soderstrom T, Stefanovska A, Veber M, Svensson H. Involvement of sympathetic nerve activity in
skin blood flow oscillations in humans. Am J Physiol Heart Circ Physiol. 2003; 284(5):H1638-46.
[PubMed: 12679328]

Kvernmo HD, Stefanovska A, Kirkeboen KA, Kvernebo K. Oscillations in the human cutaneous
blood perfusion signal modified by endothelium-dependent and endothelium-independent
vasodilators. Microvasc Res. 1999; 57(3):298-309. [PubMed: 10329256]

Stefanovska A. Coupled oscillators. Complex but not complicated cardiovascular and brain
interactions. IEEE Eng Med Biol Mag. 2007; 26(6):25-9. [PubMed: 18189083]

Stergiopulos N, Porret CA, De Brouwer S, Meister JJ. Arterial vasomotion: effect of flow and
evidence of nonlinear dynamics. Am J Physiol. 1998; 274(6 Pt 2):H1858-64. [PubMed: 9841513]

Parthimos D, Edwards DH, Griffith TM. Shil’nikov homoclinic chaos is intimately related to type-
Il intermittency in isolated rabbit arteries: Role of nitric oxide. Physical Review E. 2003; 67(5)

Griffith TM, Parthimos D, Edwards DH. VVasomotion: a case for chaos. Journal of Biorheology.
2009; 23(1):11-23.

Pradhan RK V, Chakravarthy S. Informational dynamics of vasomotion in microvascular
networks: a review. Acta Physiol (Oxf). 2011; 201(2):193-218. [PubMed: 20887358]

Esen F, Esen H. Detrended fluctuation analysis of laser Doppler flowmetry time series: the effect
of extrinsic and intrinsic factors on the fractal scaling of microvascular blood flow. Physiological
Measurement. 2006; 27(11):1241-53. [PubMed: 17028415]

Parthimos D, Schmiedel O, Harvey JN, Griffith TM. Deterministic nonlinear features of cutaneous
perfusion are lost in diabetic subjects with neuropathy. Microvasc Res. 2011

Stefanovska A, Leger P, Bracic M, Bracic T, Bendayan P, et al. Linear and nonlinear analysis of
blood flow in healthy subjects and in subjects with Raynaud’s phenomenon. Technol Health Care.
1999; 7(2-3):225-41. [PubMed: 10463311]

Goldberger AL, Amaral LAN, Hausdorff JM, lvanov PC, Peng CK, et al. Fractal dynamics in
physiology: Alterations with disease and aging. Proceedings of the National Academy of Sciences
of the United States of America. 2002; 99:2466—72. [PubMed: 11875196]

Carolan-Rees G, Tweddel AC, Naka KK, Griffith TM. Fractal dimensions of laser doppler
flowmetry time series. Med Eng Phys. 2002; 24(1):71-6. [PubMed: 11891142]

Hurst, HE.; Black, RP.; Simaika, YM. Long-Term Storage: An Experimental Study. London:
Constable; 1965.

Kobayashi M, Musha T. 1/f fluctuation of heartbeat period. IEEE Trans Biomed Eng. 1982; 29(6):
456-7. [PubMed: 7106796]

Mandelbrot, BB. Fractals-Form, Chance and Dimension. San Francisco: W. H. Freeman & Co Ltd,;
1977.

Peng CK, Havlin S, Hausdorff JM, Mietus JE, Stanley HE, et al. Fractal mechanisms and heart rate
dynamics. Long-range correlations and their breakdown with disease. J Electrocardiol. 1995;
28(Suppl):59-65. [PubMed: 8656130]

Kantelhardt JW, Zschiegner SA, Koscielny-Bunde E, Havlin S, Bunde A, et al. Multifractal
detrended fluctuation analysis of nonstationary time series. Physica a-Statistical Mechanics and Its
Applications. 2002; 316(1-4):87-114.

Hu K, Ivanov PC, Chen Z, Carpena P, Stanley HE. Effect of trends on detrended fluctuation
analysis. Phys Rev E Stat Nonlin Soft Matter Phys. 2001; 64(1 Pt 1):011114. [PubMed: 11461232]
Jan YK, Liao F, Burns S. Effect of spinal cord injury on nonlinear complexity of skin blood flow
oscillations. Lect Notes Comput Sci. 2011; 6768(2011):345-55.

Stam CJ. Nonlinear dynamical analysis of EEG and MEG: review of an emerging field. Clinical
Neurophysiology. 2005; 116(10):2266-301. [PubMed: 16115797]

Grassberger P, Procaccia I. Measuring the Strangeness of Strange Attractors. Physica D-Nonlinear
Phenomena. 1983; 9(1-2):189-208.

Grassberger P, Procaccia I. Characterization of Strange Attractors. Physical Review Letters. 1983;
50(5):346-49.

J Tissue Viability. Author manuscript; available in PMC 2014 May 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Liao et al.

96.

97.

98.

99

100

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Page 14

Rosenstein MT, Collins JJ, De Luca CJ. A Practical Method for Calculating Largest Lyapunov
Exponents from Small Data Sets. Physica D-Nonlinear Phenomena. 1993; 65(1-2):117-34.
Tanaka T, Aihara K, Taki M. Analysis of positive Lyapunov exponents from random time series.
Physica D-Nonlinear Phenomena. 1998; 111(1-4):42-50.

Richman JS, Moorman JR. Physiological time-series analysis using approximate entropy and
sample entropy. American Journal of Physiology-Heart and Circulatory Physiology. 2000;
278(6):H2039-H49. [PubMed: 10843903]

. Schreiber T, Schmitz A. Surrogate time series. Physica D-Nonlinear Phenomena. 2000; 142(3-4):

346-82.

. Theiler J, Eubank S, Longtin A, Galdrikian B, Farmer JD. Testing for Nonlinearity in Time-
Series - the Method of Surrogate Data. Physica D-Nonlinear Phenomena. 1992; 58(1-4):77-94.

Goldberger AL, Peng CK, Lipsitz LA. What is physiologic complexity and how does it change
with aging and disease? Neurobiology of Aging. 2002; 23(1):23-26. [PubMed: 11755014]

Esen F, Aydin GS, Esen H. Detrended fluctuation analysis of laser Doppler flowmetry time
series. Microvasc Res. 2009; 78(3):314-8. [PubMed: 19660479]

Minson CT, Wong BJ. Reactive hyperemia as a test of endothelial or microvascular function?
Journal of the American College of Cardiology. 2004; 43(11):2147-47. [PubMed: 15172427]

Jan, YK.; Liao, F.; Jones, MA.; Rice, LA.; Tisdell, T. Archives of Physical Medicine &
Rehabilitation. 2013. Effect of durations of wheelchair tilt-in-space and recline on skin perfusion
over the ischial tuberosity in people with spinal cord injury; p. 94

Jan YK, Crane CB. Wheelchair tilt-in-space and recline does not reduce sacral skin perfusion as
changing from the upright to the reclined and tilted position in people with spinal cord injury.
Archives of Physical Medicine & Rehabilitation. 201310.1016/J.APMR.2013.01.004

Brienza DM, Geyer MJ, Jan YK. A comparison of changes in rhythms of sacral skin blood flow
in response to heating and indentation. Archives of Physical Medicine & Rehabilitation. 2005;
86(6):1245-51. [PubMed: 15954067]

Thompson CS, Holowatz LA, Kenney WL. Cutaneous vasoconstrictor responses to
norepinephrine are attenuated in older humans. Am J Physiol Regul Integr Comp Physiol. 2005;
288(5):R1108-13. [PubMed: 15661963]

Holowatz LA, Houghton BL, Wong BJ, Wilkins BW, Harding AW, et al. Nitric oxide and
attenuated reflex cutaneous vasodilation in aged skin. Am J Physiol Heart Circ Physiol. 2003;
284(5):H1662—-7. [PubMed: 12505876]

Schmiedel O, Nurmikko TJ, Schroeter ML, Whitaker R, Harvey JN. Alpha adrenoceptor agonist-
induced microcirculatory oscillations are reduced in diabetic neuropathy. Microvasc Res. 2008;
76(2):124-31. [PubMed: 18602650]

Fedorovich A. The Functional State of Regulatory Mechanisms of the Microcirculatory Blood
Flow in Normal Conditions and in Arterial Hypertension According to Laser Doppler
Flowmetry. Journal of Hypertension. 2010; 28:E178-E78.

Rossi M, Carpi A, Di Maria C, Galetta F, Santoro G. Spectral analysis of laser Doppler skin blood
flow oscillations in human essential arterial hypertension. Microvasc Res. 2006; 72(1-2):34-41.
[PubMed: 16797604]

Nicotra A, Asahina M, Mathias CJ. Skin vasodilator response to local heating in human chronic
spinal cord injury. Eur J Neurol. 2004; 11(12):835-7. [PubMed: 15667415]

Li Z, Leung JY, Tam EW, Mak AF. Wavelet analysis of skin blood oscillations in persons with
spinal cord injury and able-bodied subjects. Arch Phys Med Rehabil. 2006; 87(9):1207-12. quiz
87. [PubMed: 16935056]

Liao FY, Jan YK. Enhanced phase synchronization of blood flow oscillations between heated and
adjacent non-heated sacral skin. Medical & Biological Engineering & Computing. 2012; 50(10):
1059-70. [PubMed: 22936012]

J Tissue Viability. Author manuscript; available in PMC 2014 May 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Liao etal.

Epidermis | Capillary loops
7 \

Dermis

Subcutis

Figure 1.
Schematic diagram of the architecture of the skin vasculature.
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Figure2.

Skin blood flow (SBF) response in the sacral skin of a heathy subject. (a) Skin blood flow
under externally pressure shows a decrease between 10t and 14! min. After the removel of
the pressure, skin blood flow shows an increase (reactive hyperemia). (b) SBF response to a
rapid local heating to 42 °C shows a biphasic vasodilation. The first peak is mediated by
axon relfex and the second pleateau is mediated by nitric oxide. (¢) SBF response to local
cooling to 25 °C. Skin blood flow decreaes in response to cooling. PU, perfusion unit.
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Figure 3.

Fourier spectrum of the LDF blood flow signal shown in Figure 2b during 1-10min. (a) The
wavelet amplitude spectrum of the signal. (b) The power spectrum of the signal. PSD, power
spectral density.
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Figure4.

An example of wavelet analysis of the LDF blood flow signal shown in Figure 2a. (a)

Instantaneous frequencies corresponding to the local maxima of absolute wavelet

coefficients. (b) Wavelet amplitude spectrum.
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Figure5.

Schematic representation of self-similar BFO on different time scales. The bottom panel
shows a 10 min SBF signal (Figure 2b during 1-10 min), the middle panel shows a 2 min
segment of the signal, and the top panel shows a 20 sec segment of the signal. SBF, skin
blood flow; PU, perfusion unit.
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Figure6.

INustration of detrended fluctuation analysis of LDF blood flow signals. For the signal
shown in Figure 2b during the pre-heating period (1-10 min), the scaling regions /m < n<n,
and n> m, are not distinguishable (blue line), whereas the LDF signal during the maximal
vasodilation period (51-60 min) exhibited three distinct scaling regions with two crossovers
(pink line). In this figure, represents the observation window size, represents the
corresponded fluctuation of BFO, and a.1,ap, and a3 represent the scaling exponents.
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Table 1

Major recent findings of linear analysis of skin blood flow oscillations (BFO).

Patho-physiological condition

Findings [Reference]

Pressure ulcer risk

Aging

Diabetes

Hypertension

Spinal cord injury

Lower first peak and second peak during local heating to 42°C in the elderly [6]

Local cooling reduces ischemia of the weight-bearing soft tissues [12, 27]

Efficacy of wheelchair tilt-in-space and recline on improving viability of weight-bearing soft tissues in
people with spinal cord injury [8, 104, 105]

Impaired blood flow response to alternating pressure in people with spinal cord injury [24]

Impaired blood flow response to postural changes in people with spinal cord injury [38]

Skin blood flow response to causative factors (mechanical stress, heating) in healthy people [25, 43, 63, 106]

Attenuated vasoconstrictor response to Norepinephrine [107]
Attenuated reflex cutaneous vasodilation [108]

Reduced 0.1 Hz BFO [35, 109]
Impaired neurogenic and myogenic BFO during the first peak of thermally induced maximal vasodilation and
impaired metabolic BFO during the plateau phase; impaired myogenic BFO during reactive hyperemia [36]

Reduced postocclusive hyperemia [110]
Attenuated myogenic and neurogenic components in newly diagnosed essential hypertension; attenuated
endothelial and neurogenic components in chronic essential hypertension [111]

Diminished axon-reflex vasodilatation below the level of lesion in complete SCI [112]
Lower neurogenic BFO [113]
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Table 2

Major recent findings of nonlinear analysis of skin blood flow oscillations (BFO).

Patho-physiological condition  Findings [Reference]

Pressure ulcer risk

Aging
Diabetes

Endothelial dysfunction

Decreased complexity of metabolic BFO in response to local heating in the elderly [32, 33]

Lower degree of complexity of metabolic BFO in people with spinal cord injury; lower degree of complexity
of neurogenic BFO in people with complete spinal cord injury [37, 92]

Enhanced phase synchronization between heated and adjacent non-heated skin sites [114]

More monofractal and decreased sample entropy [31]
Loss of deterministic structure of 0.1Hz BFO in diabetic patients with neuropathy [82]

Decreased DFA coefficient in the scale range related to endothelial activity Basal state [102]
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